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ABSTRACT

The general aim of this PhD project is to advance the science and technology of z-
pinned sandwich composites by performing an in-depth investigation into their
mechanical properties, strengthening mechanisms and damage modes. The PhD
thesis presents a comprehensive and critical review of the published scientific
literature into z-pinned sandwich composites. While past studies often report large
improvements to the mechanical performance of sandwich composites due to z-
pinning, the research is incomplete and gaps exist in the characterisation of these
materials. The identification of these gaps in the characterisation of z-pinned
sandwich composites provides the basis for the original research work performed in

this PhD project.

The PhD thesis presents a study into the through-thickness compression properties,
strengthening mechanisms and damage modes of a sandwich composite structure
reinforced with orthogonal z-pins. It was found that less than 4% in z-pin volume
content was required to increase greatly the compression modulus (up to 300%),
strength (700%) and strain energy absorption capacity (500%). While the
compression properties were found to be highly sensitive to the z-pin content, the
properties were much less dependent on the end constraint (i.e. built-in column or
unsupported column) and diameter of the pins. An investigation into the compressive
failure mechanisms of the z-pins within the foam core using acoustic emission
monitoring, scanning electron microscopy and x-ray computed microtomography
revealed for the first time that the fibrous z-pins failed during both elastic and plastic
deformation of the core foam via a complex damage process involving splintering,
kinking and fragmentation. It is shown that existing models fail to accurately
determine the compression properties due to the complex failure mechanism of the z-

pins, which are not accounted for in the existing models.

The PhD thesis presents a comprehensive experimental study into the impact damage
resistance, post-impact mechanical properties of z-pinned sandwich composites and
localised loading behaviour, which has not been previously investigated to any great

detail. The research showed that there was no improvement to the impact damage



resistance of the z-pinned sandwich composite at low impact energies (when damage
was confined to the impacted face skin). The post-impact compressive stiffness and
failure load for the z-pinned sandwich composite remained the same (within
experimental scatter) as the unpinned material. Z-pinning was found to be only
marginally effective at increasing the damage resistance when the impact energy was
high enough to cause core crushing. This study showed that under a localised impact
load, z-pins were not particularly effective at increasing the damage resistance or
post-impact mechanical properties of sandwich composites and this is attributed to
the small number of pins available to resist a localised (point) impact load. It was
discovered that increasing the loading area improved the indentation stiffness and
crush strength, and this was due to the increased number of z-pins resisting
indentation. The experimental indentation results were further analysed against

predictions using an indentation model for z-pinned sandwich composites.

As a final novel study, the effect of z-pinning on the mechanical performance of T-
shaped bonded sandwich joints was investigated. Experimental testing revealed that
the stiffness, ultimate load and absorbed energy capacity of the sandwich composite
joint was improved by z-pinning. The failure load and energy absorption were
increased by the z-pins suppressing skin-to-core failure by generating bridging
traction loads through the foam core. Pin pull-out tests revealed that z-pins generated
high mode I bridging traction loads during frictional pull-out from the face skins, and
this increased the load capability and stabilised the fracture process of the sandwich
joint. The improvements to the mechanical properties of the T-joint are discussed
using mechanical models for the bridging laws of z-pins in composite materials. This
research revealed for the first time that z-pinning could be used an as alterative to
mechanical fastening for the high strength joining of T-section sandwich composite

components.

The PhD thesis concludes with a summary of the major research findings, a
discussion of future research directions into z-pinned sandwich composite panels and
joints, and the remaining challenges in the certification of z-pinned sandwich

composites for use in aircraft structures.
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Chapter 1 INTRODUCTION

1.1 SANDWICH COMPOSITES FOR AEROSPACE STRUCTURES

A sandwich composite consists of a lightweight core material combined with high strength
and stiffness face skins. The core is a low density material intended to provide weight
saving and carry shear loads. A range of materials can be used in sandwich construction to
create a desired set of structural properties depending on the design criteria. Common cores
include polymer foams and honeycomb materials, and they are covered with thin face skins

which are usually a metal sheet or fibre-reinforced polymer laminate.

Sandwich composites have been used in aerospace structures for about 60 years. The first
sandwich construction by the aerospace industry was during World War II when sections
of the de Havilland Mosquito were constructed using plywood skins combined with a balsa
wood core [1]. The industry has evolved into using metallic or polymer foam cores having
honeycomb or cellular structures. As examples, the Boeing 747 aircraft uses honeycomb
core sandwich composites in a few structural applications such as the fore flap, and many
aircraft use sandwich construction for fuselage applications such as the Beech Starship
(Nomex honeycomb core/graphite epoxy skins), Cirrus SR20 (PVC foam core/E-glass
epoxy skins) and Hawker Horizon (Nomex honeycomb core/graphite epoxy skins).
Sandwich composites are increasingly being used in the airframe and rotor blades of
helicopters. For example, the Eurocopter NH90 uses Nomex/glass epoxy sandwich
composites for secondary structures [2]. Eurocopter also uses sandwich materials in for
some of its helicopter rotor blades such as the EC135 rescue helicopter [3]. Figure 1-1
shows the uses of sandwich composite materials in secondary structures on the Citation III
business jet and in the blades and secondary structure of the EC135 helicopter. The

utilization of these materials is typical for current aircraft structural applications.
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Figure 1-1: Sandwich Composite Applications in Aircraft (e.g. Citation Ill) and Helicopters
(e.g EC135). Arrows point to the sandwich composite applications in the above image.

The low through-thickness mechanical properties of sandwich composites - such as low
stiffness, strength and impact damage tolerance - are a long standing problem. Sandwich
materials also have weak skin-to-core peel strength. For these reasons, sandwich
composites are rarely used in primary (safety-critical) structures, and monolithic laminates

or metal alloys are used instead. The conventional approach to increase the mechanical
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properties of the core material is to increase its density. Properties such as the shear and
compressive strengths are directly proportional to the bulk density of the core material.
However, increasing the density adds to the weight of the sandwich composite, which is
undesirable when used in large quantities on aircraft and somewhat defeats the purpose of
using these materials in the first place. Alternative solutions to increase the mechanical
properties of the core, without incurring significant cost and weight penalties, is an
important and challenging goal for the aerospace industry. These problems have led to a
growing field of research to investigate the reinforcement of sandwich composites in the

through-thickness direction by stitching, weaving, tufting and z-pinning.

1.2 INTRODUCTION TO Z-PINNING

Z-pin technology emerged in the 1970’s where small metal pins were investigated for their
potential use in reinforcing composite laminates in the through-thickness direction [4]. The
first z-pins were used in carbon/epoxy prepreg laminates to improve the interlaminar shear
strength. Steel pins were inserted by Huang and co-workers [4] at +/-45° to the orthogonal
direction to prevent delamination cracking and thereby improve the interlaminar shear
strength. At the time, however, the technology did not exist to manufacture large quantities

of this z-pinned material.

Following a period of apparent inactivity during the 1980s, z-pinning technology
reemerged in the early 1990s when Aztex Inc (a small US-based technology company)'
developed fine pins known as Z-Fibers®, which can be inserted through a stack of prepreg
composite plies creating three-dimensional fibre reinforcement. Z-Fibers® and their
method of insertion was patented by Aztex Inc in 1998 [5]. Z-pinning is the only method
that can reinforce laminates and sandwich composites with carbon/epoxy prepreg skins in
commercial quantities for aerospace applications. Z-pins are most commonly made with
unidirectional carbon fibre composite for high stiffness and strength (see Figure 1-2),
although other high performance materials (such as titanium alloy) are also used.
Tomashevskii and co-workers [6-8] also developed a process for inserting thin metal wires

in the through-thickness direction of composite materials to increase the interlaminar

! Aztex Inc was acquired by Albany Engineered Composites who are the manufacturer of Z-Fibers®.
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fracture toughness. Unlike the Z-Fibers® technology developed by Aztex Inc., however,

the process developed by Tomashevskii did not advance to commercialization.

z-pin

Figure 1-2: Photograph showing the size of a typical fibrous z-pin [9]

Conventional sandwich composites have high bending stiffness and in-plane mechanical
properties, and (as mentioned) are widely used in structural applications because of their
light weight. However, the core material has low mechanical properties, requiring
reinforcement or a new design enhancement, especially in the through-thickness direction.
Z-pins have been one of several methods investigated to reinforce sandwich composites in
the through-thickness direction. Other methods include 3D weaving, stitching, tufting and
Tycore® [9-33]. However, these methods are only suitable for sandwich composites with
non-prepreg face skins, whereas many aircraft sandwich structures use prepreg-based

laminate skins for higher structural performance.

Z-pins increase the through-thickness compression and flexural properties of sandwich
composites [10, 34-38]. The z-pins are often arranged in an X-shaped configuration to
maximize the in-plane shear properties of the core, although it is possible to use other
configurations such as an orthogonal pattern whereby the pins are aligned parallel to the
through-thickness direction [34, 37, 39-41]. Aztex Inc. developed two types of structural
sandwich composites known as X-Cor™ (Figure 1-3) and K-Cor™ (Figure 1-4). The z-
pins are inserted through both the face skins and core (X-cor ™) or inserted through the

core only with the skins being unpinned and the pins folded over the core (K-Cor™™) [42].
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Figure 1-4: Schematic of K-Cor

Large improvements to the mechanical properties of sandwich composites have been
achieved using z-pin reinforcement, including increased impact damage resistance, in-
plane shear properties, and skin-to-core delamination strength [34, 37-41, 44-46]. Z-pins
also increase the transverse (or through-thickness) compressive properties of sandwich
composites, which can improve their crush resistance under impact loads [26, 32, 45, 47].
Large improvements to the through-thickness compressive modulus, strength and absorbed
energy of sandwich composites were found when reinforced with titanium pins [34]. The
effect of z-pin reinforcement on the structural and damage tolerant properties of sandwich

materials is reviewed in greater detail in the next chapter.

Z-pins are also useful to replace fasteners and bolts in structural joints, leading to weight
savings. Currently z-pins are used instead of the titanium fasteners in the air inlet ducts and
bay doors of the F/A-18 E/F Superhornet aircraft, which are made using carbon
fibre/epoxy laminate [42, 48] (Figure 1-5). The use of z-pins in the F/A-18 Hornet results
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in a cost saving of about US$83,000 and a weight saving of 17 kg for each fighter [43]. Z-
pins are also used in the cargo doors of the C17 Globemaster, which are also made of
carbon/epoxy laminate (Figure 1-6). The only publicly disclosed aerospace application of
z-pinned sandwich composites is the UH60M Black Hawk, which uses X-cor " composite
components in its tail cone that provides a weight saving of 21 kg compared to
conventional sandwich construction (Figure 1-7). Z-pins are also used in the composite

roll-over bars of Formula One racing cars [49].

Figure 1-5: F/A-18 E/F Superhornet use z-pinned laminates in the air inlet ducts

Figure 1-6: C17 Globemaster uses z-pinned laminates in the cargo bay doors

Figure 1-7: UH60M Black Hawk uses z-pinned sandwich composites in the tail cone
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The use of z-pinned laminates and sandwich materials by the aerospace industry, despite
being limited, has the benefit of practically demonstrating the advantages of using these
materials, and this may lead to more applications in the future. The aerospace industry is
traditionally conservative in the use of new materials due to cost, certification,
manufacturing, and safety issues. Z-pinned sandwich composites are still not fully
understood by many parts of the industry. Z-pinned sandwich composites are a relatively
new class of advanced materials that require significant research into their properties
before the industry is likely to gain confidence and understanding of their benefits over

traditional sandwich materials.

1.3 AIM OF PhD RESEARCH

The general aim of this PhD project is to investigate the effect of z-pins on the structural
properties, strengthening mechanisms and failure modes of sandwich composite structures
and their joints. The z-pins are embedded in the orthogonal direction of a typical aerospace
sandwich composite consisting of face skins made of carbon fibre/epoxy laminate and a

lightweight core of polymer foam.

An objective of this project is to critically review published scientific and technical studies
in z-pinned sandwich composites to assess the current state-of-the art as well as identify
important gaps in the characterisation of these materials which require further
investigation. Some of the gaps that are identified are then researched as part of this
project. Specifically, the research performed as part of this PhD aims to assess the effect of
z-pinning on the through-thickness mechanical properties, in-plane mechanical properties,
and impact damage tolerance of sandwich composites. The PhD also aims to evaluate the
effect of z-pinning on the structural properties of sandwich composite joints. Thus far, the
influence of orthogonal pins on the through-thickness stiffness, strength and strain energy
properties; in-plane stiffness and failure strength properties; impact damage resistance and
post-impact mechanical properties; and joint properties of sandwich composites has been

investigated to a limited extent only or not investigated at all.

The stiffening and strengthening mechanisms of z-pins will be investigated and mechanical

models for predicting the stiffness and strength properties of z-pinned sandwich
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composites will be assessed. Therefore, the PhD aims to collate a large body of
experimental data to undertake a rigorous validation of mechanical models to ascertain
whether they are capable of accurately predicting the properties of z-pinned sandwich
composites. This PhD also aims to clearly identify the strengthening and failure
mechanisms of z-pins under different loading conditions (including impact) with the aim to
develop mechanical models which are more mechanistically-based than many existing

models.

It is expected that this PhD work will make a significant and original contribution to the
field of z-pinned sandwich composites which will bring these materials closer to aerospace

applications.

1.4 STRUCTURE OF PhD THESIS

Following this chapter, the PhD thesis is structured into chapters which each deal with

separate aspects of z-pinned sandwich composites.

Chapter 2 provides a comprehensive literature review of published research on z-pinned
sandwich composites and, where relevant, z-pinned laminates and other reinforcement
techniques. The literature review summarizes the findings of the behaviour of sandwich
composites under compression loading, impact and indentation loading and post-impact
mechanical properties, including the analytical models available thus far to predict the
properties of z-pinned composites. The limited literature available on joining sandwich
structures is also reviewed and the manufacturing techniques utilized to z-pin laminates

and sandwich structures are described.

Chapter 3 presents a research investigation into the through-thickness stiffness, strength
and absorbed energy of z-pinned sandwich composites with different parameters such as z-
pin volume content and z-pin diameter. Non-destructive inspection techniques,
microstructural analysis and finite element modelling are used to identify the failure
mechanisms of z-pins under compression loading. In addition, mechanical and finite

element models are used to predict the compression properties. A complete
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characterisation of the existing mechanical models to predict the through-thickness

stiffness and strength of z-pinned sandwich composites is undertaken.

Chapter 4 investigates the static indentation resistance, impact resistance, and post-impact
mechanical properties of sandwich composites. The indentation resistance of z-pinned
sandwich composites under three different contact conditions (spherical, cylindrical and
flat plate) is investigated and analysed using existing mechanical models. Two impact
energy regimes are investigated; low (<25J) and high energy (>25]). The damage
sustained, the absorbed energy characteristics and failure modes of z-pinned composites

under in-plane loading conditions are investigated.

Chapter 5 investigates the effect of z-pinning on the mechanical properties and
strengthening mechanics of sandwich T-joints. The strengthening and failure mechanisms
of z-pinned T-joints (z-pinned along the bondline) are investigated, and compared against
an unpinned joint. The bridging traction mechanics of z-pinned sandwich panels are
determined (both experimentally and analytically) to explain the strengthening effect of z-

pins within a sandwich T-joint.

This PhD thesis concludes with several recommendations for future work and a discussion
of the design processes and certification requirements of using z-pins in aerospace

sandwich structures.



Chapter 2 LITERATURE REVIEW

ABSTRACT

The chapter presents a comprehensive and critical review of the published scientific
literature into z-pinned sandwich composites. The objective of this chapter is to identify
research progress towards the modelling and experimental characterisation of z-pinned
sandwich materials. Another aim is the identification of gaps in the current body of
knowledge pertaining to z-pinned sandwich composites, which then establishes the
direction for the research studies performed as part of the PhD project.

The literature review examines the manufacturing processes, microstructure and
mechanical properties of z-pinned sandwich composites and, when relevant, z-pinned
laminates. Certain studies conducted on z-pinned laminates provide useful insights into the
manufacture of z-pinned sandwich materials and other studies into the microstructure,
interlaminar toughness and mechanical properties of the z-pinned face skins. Studies of the
through-thickness mechanical properties of z-pinned sandwich composites are thoroughly
reviewed, including the effect of z-pins on properties such as the stiffness, strength and
strain energy capacity. Studies conducted on the impact damage properties and the
indentation resistance of z-pinned sandwich composites are also reviewed. Mechanical
models for calculating the through-thickness properties of z-pinned sandwich composites
are described and their accuracy assessed. Lastly, research into the effect of z-pinning on
the structural properties of bonded composite joints is reviewed. The identification of gaps in
the mechanical characterisation of z-pinned sandwich composites provides the basis for the
research work performed in this PhD project.
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2.1  MANUFACTURING PROCESSES FOR Z-PINNED COMPOSITES

There are two production methods for inserting z-pins into a composite preform; whether the
preform is a laminate or sandwich material. One method to insert the z-pins uses an

autoclave and the other method is called the Ultrasonically Assisted Z-Fiber® process.

In the autoclave process (Figure 2-1), a foam carrier containing the required volume content
of z-pins is placed over the assembled, uncured prepreg laminate or sandwich composite
structure, secured in place, and then compressed under the overpressure applied by the
autoclave [50]. The z-pins are driven into the uncured composite under the applied pressure.
The pressure must be below the crush pressure of the core material when z-pinning a
sandwich material to avoid damage. Because the overpressure must be reasonably low, it is
then difficult (if not impossible) to drive the z-pins through the entire thickness of a
sandwich composite, which is often very thick. The heat within the autoclave ensures that the
uncured laminate face skins are pliable (due to viscous softening of the uncured polymer
matrix) which eases the insertion of the z-pins. Any excess carrier foam is then removed and
protruding z-pins can be shaved or sanded off. This method of manufacturing z-pinned
composites is not widely used and is not currently applied to the manufacture of z-pinned

sandwich composites.

The second method for fabricating z-pinned laminates and sandwich composites is the
Ultrasonically Assisted Z-Fiber® (UAZ®) process, which was developed and patented by
Aztex Inc. [36, 51-53]. The z-pinning process starts by placing a foam carrier containing the
z-pins over the uncured composite. The z-pins are arranged in a grid pattern inside the foam
carrier to the specific volume content, as shown in Figure 2-2a. The foam is used to ensure
an even spacing between the z-pins and to provide them with lateral support during insertion.
The foam carrier does not form part of the final composite product, and is discarded after the
z-pins have been inserted. The z-pins are driven from the foam carrier into the uncured
sandwich material using an ultrasonic tool (Figure 2-2b) that generates high frequency
compressive waves (~20 kHz). The device can be hand-held and operated manually or
incorporated into an automated process. The foam carrier collapses under the acoustic
pressure that drives the z-pins into the uncured composite. Z-pins are inserted progressively
by moving the ultrasonic tool over the foam carrier several times until all the pins have fully

penetrated the sandwich composite. The compressed foam carrier and any excess length of z-



Literature review | Chapter 2

pins protruding from the face skins are then shaved off to provide a smooth surface finish.
After z-pinning the composite, a final ply is often laid on the outer surfaces of the material
which is then cured inside an autoclave. The main steps of the UAZ® process are shown

sequentially in Figure 2-3.

Vacuum Bag

s 1: Place Z-Fibre Preform on bop of Prepreg
enclose in vacuum b

Stage 2: Standard cycle or debulk cycle, heat and pressure
compact preform foam, forcing the z-pins into the composite

(b)
Remove & Discard Foam ( . |

Gured Z-Pinned Q@m

Stage 3: Remove compacted foam and discard. Finish with
cured z-pinned composite.

Figure 2-1: Schematic of autoclave process for z-pinning [42]
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(b)

Figure 2-2: (a) Collapsible foam carrier containing z-pins and (b) Hand-held ultrasonic tool
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Preform on composite ready
for ultrasonically assisted z-
pin insertion

Low density foam (upper half) of
preform collapses allowing z-pins
to penetrate the composite.

NS S S ER IS N NP N S N N (O |

Reinforcement of
composite complete.

Excess z-pin remaining in
preform is sheared away.

Z-pinned laminate / sandwich composite

Figure 2-3: Schematic of the UAZ® process for z-pinning. [9]
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Both the autoclave and UAZ® methods require the uncured composite to be debulked before
z-pinning, otherwise porosity can occur. It is difficult to remove voids after z-pinning due to
the presence of the high stiffness pins now embedded in the composite. Also, with both the
manual and automated processes it becomes difficult to insert the pins with increasing pin
thickness and pin volume content. (The process for the manufacture of z-pinned sandwich

composites used in this PhD project is explained in Chapter 3).

2.2 MICROSTRUCTURE OF Z-PINNED SANDWICH COMPOSITES

To gain a better understanding of the mechanical behaviour of z-pinned composite materials,
a thorough investigation into the microstructural changes caused by z-pinning is required.
The effect of z-pinning on the microstructure of sandwich composites has not been
characterized. However, research into the microstructural defects caused by the z-pinning of
laminates provides an understanding into how the face skins are likely to be affected [9, 35,
36, 43, 54-57]. From the microstructural characterisation work on laminates, it can be
summarised that the most significant effects of z-pinning are fibre waviness and crimp,
broken fibres, resin-rich zones, misaligned pins, and interfacial cracks between the pins and
composite. There is no published information on the microstructural damage caused to core

materials by z-pinning.

2.2.1 Fibre Waviness Caused by Z-Pins

Fibre waviness is defined as the in-plane crimp of straight fibres by a z-pin [54]. Fibre
waviness is a common microstructural defect in z-pinned laminates and may be expected in
the face skins to sandwich composites. Fibre waviness occurs in a region around the z-pin
where the laminate fibres are pushed aside during pin insertion, which can also cause another
type of microstructural defect known as resin-rich zone, which is explained later. The angle
of fibre waviness, 0, is reported to be highest along the flanks of the resin-rich region around
a z-pin, as seen in Figure 2-4 [9, 54]. The angle of fibre waviness and the length of the wavy
region increase with the pin diameter [54]. The angle is also dependent on the type of fabric
or prepreg, with the fibre stiffness and fibre packing density both affecting the extent of

waviness [9]. For example, Figure 2-6 shows planar views of z-pins within unidirectional
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tape and woven fabric laminates. Fibre waviness around the z-pins in tape laminates is
usually symmetric due to the near uniform areal distribution of fibres whereas in fabric
laminates the fibre waviness is non-symmetric due to pre-existing waviness and the non-
uniform fibre distribution (due to the tows) [58]. Fibre waviness is also seen in other types of

three-dimensional fibre composites such as stitched and tufted composites [42].
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Figure 2-4: Fibre waviness angle around a z-pin (adapted from [54])
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(b)

Figure 2-6: Examples of (a) symmetric and (b) non-symmetric fibre waviness caused by z-pins
in unidirectional and woven laminates, respectively.

2.2.2 Fibre Crimp Caused by Z-pins

Fibre crimp is created when the insertion of z-pins results in fibre misalignment in the out-
of-plane (or through-thickness) direction, as shown schematically in Figure 2-7. When z-pins
are inserted they create both in-plane waviness and out-of-plane crimp of the prepreg ply

fibres. Steeves and Fleck [58] report that crimped fibres may break when bent excessively



Literature review | Chapter 2

through a tight angle, and that the lay-up pattern (such as cross-ply) may help inhibit the
crimping effect [59].

Figure 2-7: Fibre crimp [54]

2.2.3 Resin-Rich Zones Caused by Z-pins

Resin-rich zones are common in z-pinned laminates where the pins have pushed aside or
crimped the fibres which creates a small gap that is filled with polymer resin during curing
(Figure 2-8). The zones have an eyelet shape which is elongated in the fibre direction. Resin-
rich zones can be quite large relative to the fibre diameter, and are dependent on the pin
diameter. Higher pin volume content also results in a larger number of resin-rich zones,
which may then result in a continuous resin-rich channel where the zones have coalesced

along a row of pins aligned along the fibre direction [56].

(a) (b)

Figure 2-8: Fibres deflected by pin insertion, creating resin-rich zones represented by the grey
area. (a) In-plane fibre waviness (b) Out-of-plane fibre crimp [54]
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2.2.4 Broken Fibres Caused by Z-pins

Broken or damaged fibres can occur during the z-pinning process. The insertion of z-pins
generates sliding friction at the pin-laminate interface that can damage fibres in the prepreg
plies. The insertion process, pin diameter, resin viscosity and fibre packing density are
factors controlling the amount of fibre damage. During insertion, the z-pins are forced
through a stack of uncured prepreg plies under a moderately high force which can result in

the pin leading edge pushing on fibres which may then bend and break [36, 54, 58].

2.2.5 Misaligned Z-Pins

The UAZ® process is designed to ensure that all z-pins are embedded in the orthogonal
direction of the composite material. However, z-pins are often inclined from the orthogonal
direction over a range of angles up to as high as 30°. For example, Figure 2-9 shows an
inclined z-pin in a carbon-epoxy laminate and a histogram showing the population
distribution of z-pins offset at various angles from the orthogonal direction. Chang et al. [57]
performed an investigation into the causes for z-pin offset in carbon-epoxy laminates, and
found that the two main causes were the trimming of segments of the pins protruding from
the surface after insertion and the pressure applied during consolidation of the z-pinned
preform in the autoclave. Trimming applies a lateral force on the z-pins which causes them
to be displaced from the orthogonal direction while the consolidation pressure compacts the
uncured preform which forces the pins to be displaced at an angle. Chang et al. [57] also

found that the average inclination angle of the z-pins increased with their diameter.

While the misalignment of z-pins in laminates has been thoroughly studied, the offset of pins
in sandwich composites has not been investigated. Despite this, the study of laminates
provides some insight into the offset of z-pins within the laminate skins to a sandwich

composite due to similarities in the z-pinning and curing processes.
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Figure 2-9: (a) Pin offset and (b) histogram showing the pin distribution angles for a carbon-
epoxy laminates [55]

2.2.6 Interfacial Cracks Caused by Z-pins

Interfacial cracking between the z-pins and laminate can occur due to differences in their
thermal expansion coefficients (Figure 2-10). Z-pins have a lower thermal expansion
coefficient in the through-thickness direction of the laminate and therefore undergo smaller

changes in length during the heating and cooling phases of the cure process. Upon cooling
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from the cure temperature, the laminate experiences a larger contraction resulting in an axial
compression stress in the pins and tensile stresses in the laminate. This tensile stress can be
greater than the failure stress of the polymer matrix and therefore cracking occurs at or near
the z-pin/laminate interface [60]. Interfacial cracking is often found in z-pinned laminates,
but has not been investigated for z-pinned sandwich composites. It is possible that cracks
may occur between the z-pins and laminate skins and between the pins and core material,

although this has not been researched.

Interfacial
crack

Figure 2-10: Cracking at the z-pin/laminate interface [60]

2.2.7 Volumetric Swelling Caused by Z-Pins

The insertion of z-pins can result in volumetric swelling of the laminate and thereby cause a
reduction in the average fibre volume content [43, 55, 61]. This effect becomes more
pronounced with increasing z-pin content. A study conducted by Chang [54] reports that the
swelling can occur due to the laminate expanding to accommodate the z-pins and the prepreg
plies resisting compaction during cure due to the stiff pins propping the mould surfaces. To
prevent volumetric swelling, particular care must be taken during the manufacturing and cure

processes.
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2.3 MECHANICAL PROPERTIES OF Z-PINNED COMPOSITES

The mechanical properties of z-pinned sandwich composites have been investigated to some
extent over the past ten years, although a complete characterisation of these materials is
lacking. The effect of z-pins on the through-thickness mechanical properties of sandwich
composites has been investigated more thoroughly than other properties such as the in-plane
mechanical properties and impact damage resistance. The effect of z-pinning of bonded
sandwich joints has not been investigated at all. This section presents a review of published
research work into the mechanical properties of z-pinned sandwich composites and, when
relevant, z-pinned laminates (which can provide an understanding into the mechanical

behaviour of the face skins).

2.3.1 Delamination resistance

Z-pins can increase greatly the delamination resistance by raising the interlaminar fracture
toughness of laminates [51, 53, 62-66]. Delamination is one of the major contributors to the
degradation of the mechanical properties (particularly compression and interlaminar shear
strengths) of composite structures, and therefore a large amount of research into the
interlaminar toughness properties and delamination toughening mechanisms using z-pins has
been performed. The delamination resistance of the skins to z-pinned sandwich composites
has not been investigated, although the work on laminates provides an understanding of the

interlaminar toughening effect caused by pins.

Z-pins are highly effective in retarding the growth of long delamination cracks (typically
above 5-20 mm) in laminates, but are not as effective against short cracks [36, 67-69]. Z-
pinning improves the interlaminar fracture toughness under mode I, mode II and mixed mode
I/IT load conditions. The delamination toughness of laminates usually increases linearly with
the volume content of z-pins, as shown for example in Figure 2-11. In this example the mode
I delamination toughness doubles for every 0.5% increase in the pin content whereas the
increase in mode II toughness is less rapid but still significant. This difference occurs
because orthogonal z-pins are more efficient at restricting crack opening (mode I) than crack
sliding (mode II) displacements. It has also been found that z-pins slow the delamination
crack growth rate under mode I interlaminar cyclic stress loading [53]. This is an advantage

for aerospace structures where many structural components undergo fatigue loading.
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Figure 2-11: Effect of volume content of z-pins on the modes | and Il interlaminar fracture
toughness of a carbon-epoxy laminate [9]

The increase to the mode I interlaminar fracture toughness and fatigue resistance is attributed
to the following crack bridging toughening mechanisms: elastic deformation, debonding and
frictional pull-out of the z-pins. As a delamination grows in length a pin bridging zone is
created along the crack wake, as shown in Figure 2-12. Z-pins generate traction loads that
lower the stress at the crack tip and thereby increase the interlaminar toughness and fatigue
resistance. The traction load is generated by the resistance of the z-pins against elastic
deformation until they debond from the laminate, and then the traction load is generated by
friction stresses as the pins are pulled from the laminate under increasing crack opening
displacement. The pins stop generating traction loads when they are pulled completely from
the laminate, as shown in Figure 2-13. In some cases the pins are broken, rather than pulled
out, and this occurs when the tensile failure stress of the pin is less than the friction pull-out
stress. This rarely occurs in thin laminates, although pin fracture becomes increasing more
common when the thickness of the laminate is increased [70]. Z-pins are only effective when
the crack is large enough for the bridging traction zone to be fully developed, which is

typically between 5 and 20 mm long (depending on the pin content).
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Figure 2-12: Z-pins bridging a delamination crack

Figure 2-13: Pull-out failure of z-pins

The mode II interlaminar toughness properties of z-pinned laminates have also been
extensively studied [65, 66, 71-73], and the main toughening mechanisms are elastic shear
deformation, debonding, snubbing, and shear induced pull-out of the pins. Snubbing is a
toughening process where crack sliding displacements become large enough to force the z-
pins to press into the laminate near the crack plane [74] resulting in a large increase

(typically 3-10 times) to the friction stress opposing pin pull-out.

The interlaminar toughening that is achieved by z-pinning can be related directly to the
bridging traction loads, which can be determined by measuring the pull-out force for a z-pin
under mode I or II loading conditions. The typical traction load-crack opening displacement

response of a z-pin under mode I loading is presented in Figure 2-14. The bridging traction
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load is determined by the experimental testing of one or several z-pins in a pull-out event.
Experimental studies have been conducted and theoretical models have been developed to
calculate the bridging traction loads [62, 72, 75, 76]. However, no studies have been
conducted into the bridging traction loads and laws of z-pins in a sandwich composite, where

the core and two face skins contribute to the interlaminar toughening effect.

LT (80 Py)
8 < pin debonding
o
:_5 _— (62 P)
2 pin pull-out
3 " .

elastic stretching of

pins

displacement

Figure 2-14: Simplified z-pin traction load curve for pin pull-out under mode | interlaminar
loading [76]

2.3.2 Impact damage propetrties

The low impact damage resistance and post-impact mechanical properties of laminates and
sandwich composites has been a long-standing problem with aircraft structures due to bird
strike and other impact events. The most insidious type of impact-induced damage is often
delamination cracking because it is difficult to observe visually and can reduce the in-plane
properties. Z-pinning significantly improves the delamination toughness properties of
composites which thereby improves resistance against delamination cracks caused by impact
loading. The effect of z-pinning on the impact damage resistance of laminates has been
studied to a much greater extent than for sandwich composites. Research has shown that z-
pinning reduces the delamination damage to laminates caused by low speed objects, ballistic
projectiles and hail damage [9, 32, 43, 50, 62, 67, 69]. Impact damage to a z-pinned laminate

is often lower than the unpinned material, particularly when the delaminations are long
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enough to allow the formation of a long bridging traction zone. Damage area reductions of
about 20% to 65% have been reported by Zhang et al [32] for z-pinned carbon-epoxy
laminate subjected to low-energy impacts. For hailstone impact the damage area is reduced
by between 30% and 50% due to z-pinning [50]. Isa et al. [78] reported that the impact
damage resistance increases with the volume content of z-pins, as shown for example in
Figure 2-15 for barely visible impact loading of a carbon-epoxy laminate. In all cases, the
reduction in damage area is due to bridging traction loads generated by z-pins. The total
traction load increases with the z-pin content resulting in a corresponding reduction to the
amount of delamination damage caused by an impact event. As mentioned, z-pinning is not
effective at increasing the interlaminar toughness of materials containing short delaminations
(less than ~5-20 mm), and consequently z-pins do not improve the damage resistance for
short cracks but are highly effective at resisting large-scale cracking (as shown in Figure 2-

15), which causes the greatest reduction to the post-impact properties.
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Figure 2-15: Effect of increasing impact energy and z-pin content on the amount of the
delamination damage to a carbon-epoxy laminate [77].

The improvement to the impact damage resistance due to z-pinning often results in improved
post-impact mechanical properties of laminates [32, 36, 64, 69]. For instance, Figure 2-16
shows that z-pinning increases the post-impact residual compressive strength of a carbon-
epoxy laminate, with the improvement increasing with the z-pin content. This is a result of

the reduction to the delamination damage caused by impact loading due to the z-pins
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generating bridging traction loads. The traction loads also resist compressive buckling of the

delaminated plies in the z-pinned laminate which increases the compressive failure stress.
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Figure 2-16: Post-impact mechanical properties [69]

In the study of the impact damage resistance of z-pinned materials, laminates have been
more extensively studied than sandwich composites. Only two studies have been conducted
on the impact damage resistance of z-pinned sandwich composites, and it was found that z-
pinning reduces the amount of impact damage [26, 46]. Furthermore, it was found that z-
pinning improves the crush resistance and absorbed energy of sandwich composites under
impact loading [34, 46]. However, the effects of increasing impact energy and z-pin content
on the impact damage resistance of z-pinned sandwich composites has not been determined.
Also, there is a lack of published experimental data on the post-impact mechanical properties
of z-pinned sandwich composites, and their impact damage properties and mechanisms need
to be more thoroughly assessed before these materials can be considered for damage tolerant

aircraft structures.

2.3.3 Elastic properties of z-pinned laminates and sandwich composites

Numerous numerical and experimental studies have shown that z-pinning reduces the in-
plane tensile, compressive or bending moduli of laminates, albeit by a small amount in most
materials [57, 67, 78, 79]. Finite element models, analytical models and experimental studies
have all shown that the in-plane modulus properties decrease at a linear rate with increasing

volume content of z-pins. The reduction to the in-plane modulus properties also increases
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with the z-pin diameter, as shown in Figure 2-17 [9]. The loss in the in-plane modulus is due
to the microstructural defects caused by z-pinning, such as fibre waviness, resin-rich zones
and swelling of the laminate (which reduces the fibre volume content and thereby the
stiffness properties). The percentage reduction in modulus is greatest when the fibre
orientation is aligned in the load direction. In other words, z-pinned unidirectional laminates
suffer a greater percentage loss in modulus compared with a z-pinned quasi-isotropic
material. Average maximum reductions of about 10% have been reported [9]. While it is
known that the elastic properties of laminates decrease gradually with increasing volume
content and diameter of z-pins, the effect of z-pinning on the in-plane elasticity of sandwich

materials is not known.
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Figure 2-17: Reduction in in-plane tension and compression modulus of a unidirectional
carbon-epoxy laminate with increasing z-pin diameter [9]

Z-pinning is a highly effective method for increasing the through-thickness compressive
modulus of z-pinned sandwich composites [34, 38]. For example, Figure 2-18 shows the
effect of increasing volume content of z-pins on the through-thickness modulus of a foam
core sandwich composite structure [38]. A study by Cartié and Fleck [34] reports large
improvements to the through-thickness compressive modulus of sandwich composites when
reinforced with titanium pins. The modulus increases rapidly due to the high stiffening effect

of the z-pins, which have elastic modulus values many times greater than the foam core.
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In addition to the through-thickness stiffness, z-pins are also effective at improving the shear
properties of sandwich composites, with the z-pins carrying most of the compression and
shear loads [43, 80, 81]. In a study conducted by Partridge et al. [43] on the mechanical
properties of commercial z-pinned sandwich composites (X-cor'™ and K-cor™™), it was
found that changing the angle between the z-pins affected the compression and shear
properties. To improve the shear loading resistance of X-cor ™ or K-cor' ™, the z-pins need to
be inserted at a larger offset angle. Therefore, the shear and compression properties of a z-

pinned sandwich composite can be controlled.
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Figure 2-18: Effect of volume content of z-pins on the through-thickness compression modulus
of a glass fibre/PVC foam core sandwich composite [38]

Mouritz [38] proposed a simple mechanical model to calculate the through-thickness elastic

modulus of a z-pinned sandwich composite (E,) based on the rule-of-mixtures:
E.=Ef;+ E,f, [2-1]

The first and second terms account for the stiffness contributions of the core and z-pins,
respectively. Er and E, are the elastic modulus of the foam core and z-pins, respectively, and
frand f, are the volume fractions of foam material and z-pins in the core, respectively. E, is

related to the pin offset angle via the expression;
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The subscripts x and y refer to the directions parallel and normal to the z-pin axis. Gy, %y,
and vy, are the shear modulus, shear strength and Poisson’s ratio values for the z-pin,
respectively. @ is the inclination angle of the z-pin from the compression load direction.
However, because the z-pins are inclined over a range of angles, E, can be calculated using a

weighted analysis of the different angles [38]:

6=90
E(30)=Y f,©6.E,@®)
o0 [2-3]

where f,(0) and E,(0) are the volume fraction and compression modulus of the z-pins at a

given angle, (6).

The results of this model are presented in Figure 2-18 for the conditions where it is assumed
that all the z-pins are inclined at the same angle (“average modulus prediction”) or inclined
over a range of angles (“weighted modulus prediction”). It is seen that the modulus is
predicted with better accuracy using the weighted modulus method, and the compression

modulus increases linearly with z-pin content at a similar rate to the experimental data.

2.3.4 Strength properties of z-pinned laminates and sandwich composites

Similar to the in-plane elastic properties, the z-pinning of laminates reduces their in-plane
tensile [36, 55, 61, 67, 82], compressive [36, 38, 58, 82-84] and bending strengths [85].
Typical reductions to the in-plane tension and compression properties of a carbon-epoxy
laminate with increasing volume fraction of z-pins are shown in Figure 2-19 [86]. The
reduction is due to microstructural damage caused by z-pinning such as the fibre waviness,
fibre breakage, resin-rich zones, and reduced fibre content caused by swelling. Such defects
result in a loss in the load-carrying capacity of laminates. The effect of z-pinning on the in-

plane strength properties of sandwich composite structures has not been investigated.
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Figure 2-19: Tensile and compressive strengths of z-pinned undirectional carbon/epoxy
composite [86]

Z-pinning increases the through-thickness compressive strength of sandwich composites.
The z-pins are much higher in strength than the core, and consequently there is a substantial
improvement in the compressive strength properties due to pinning. These results have been
experimentally and theoretically proven for a variety of pin configurations in sandwich
composites [34, 38]. The core acts as a support which allows the z-pins to resist buckling,
further improving the through-thickness compression properties [34, 38]. Cartié and Fleck
[34] found that the compressive strength and energy absorption capacity of z-pinned
sandwich materials is much greater than the individual contributions of the core and
unsupported z-pins (Figure 2-20). This was due to the synergistic strengthening process
occurring when the core and z-pins are used in combination. The through-thickness
compressive properties are improved due to an increase to the elastic buckling load of the z-
pins caused by the foam behaving as an elastic Winkler foundation in supporting the pins. In
other studies, Mouritz [38] also measured large improvements to the through-thickness
compressive strength of a sandwich composite with increasing volume fraction of fibrous z-

pins.
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Figure 2-20: Stress vs strain for composite pins in 10 mm thick foam core. In each figure, the
dotted horizontal lines refer to the predicted compressive strength due to elastic buckling of the
pin reinforcement with different boundary conditions [34]

Mechanical models have been developed to calculate the through-thickness compression
strength of z-pinned sandwich composites. The models are based on the deformation
behaviour of metal or fibrous pins in a sandwich material subjected to through-thickness
compressive stress [34, 38, 87]. The buckling model by Cartié and Fleck [34] assumes pin
failure occurs via a buckling process and the strength-based model by Mouritz [38] assumes

axial crushing of the pins.

The strength model (like the stiffness model described in the previous section) uses rule-of-
mixtures to calculate the through-thickness compressive strength of a z-pinned sandwich

composite [38]:

oe = offr + 0, f, [2-4]

where oy and o, are the compressive strengths of the foam core and z-pins, respectively. o), is

related to the pin offset angle, 8, via the expression:
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oy and o, represent the axial and transverse strengths of the z-pin, respectively, and 7,y is the
in-plane shear strength of the pin. To account for the variability in pin offset angle, the

strength is weighted to the volume fraction of the pins at each angle using:

6=90

c,(36)=3 r,6)0,0)
o= 2-6]

Figure 2-21 shows the strength predictions by Mouritz [38] for a z-pinned sandwich
composite, and significant improvements are seen with increasing pin volume content. The
agreement between the calculated (data points) and measured (curve) strengths is good when

the variable pin offset angles are considered in the analysis.
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Figure 2-21: Compressive yield strength of z-pinned sandwich composite [38]

Cartié and Fleck [34] formulated a buckling model for metal pins that assumes they collapse
by elastic (Euler) buckling. The compressive strength of a z-pinned sandwich composite can

be calculated using the expression [34]:
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_ 2
o,=fo,cos" o+, [2-7]

where ¢ is the average stress in the foam, o, is the buckling stress of the pins, and 6 is the

pin offset angle. oyand o, are calculated using:

4Ebeuc
o, =— [2-8]
m E, cos®
T°E I 4
O-P :A p)2 m2 + ZﬂiE I

where E,[ is the flexural stiffness, / is the pin length, m is the number of half sine waves
when the pin buckles (assumed to be 1), S is the foundation modulus of the foam, A, is the
pin cross-sectional area, Py, is the pin buckling load, and Efand E,, are the elastic modulus of
the foam and z-pin, respectively. Cartié and Fleck [34] found that the failure strengths
calculated using their buckling model were lower than the measured values (Figure 2-20).
This discrepancy was attributed to the rotational constraint in the pins ends [34]. A similar
study was undertaken by Long et al. [87] for titanium and carbon pins within a sandwich

composite, and reported the same trend in results.

2.3.5 Indentation resistance of z-pinned sandwich composites

While several studies have studied the compressive properties and strengthening mechanics
of z-pinned sandwich composites under a distributed (wide-area) load encompassing a large
number of pins [34], less has been reported on the compressive response under localised
(point) impact loading involving a small number of pins. Long and Guiqiong [40] report that
z-pinning increases the indentation resistance of sandwich composites under point loading.
Long and Guiqiong [40] performed an experimental and theoretical investigation into the
quasi-static indentation resistance of z-pinned foam core sandwich panels under a spherical
indenter, and they measured a large improvement to the indentation resistance due to the
stiffening and strength effect of the pins as shown in Figure 2-22. Long and Guiqiong [40]

also found that under elastic loading conditions, indentation damage initiated at the
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interfaces between the z-pins and indented face sheet and between the z-pins and foam core.
At higher indentation forces the z-pins immediately under the indenter collapsed by

buckling, and this was accompanied by a reduction in the indentation strength.
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Figure 2-22: Improved indentation resistance of a foam core sandwich composite due to z-

pinning (improved load carrying capacity) [40]

Mechanical models have been developed to analyse the indentation response of z-pinned
sandwich composites [40, 88]. Long and Guigiong [40] derived an approximate theoretical
solution using the principle of minimum potential energy that was based on the system
illustrated in Figure 2-23 in order to analyse the indentation response of z-pinned sandwich
composites. The hemispherical indenter is treated as a flat-nose indenter where the radius

then becomes constant, Rj,, and is assumed to equal 0.4R where R is the indenter radius.
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Figure 2-23: Quasi-static indentation by Long and Guigiong [40]

The plastic work absorbed by the sandwich composite under an indentation force is defined
by:

3 2
4 R, —R,

— _ 2 2 i in
D, = Sjac&isp =70, 8,R; + 0.8, (R, ~R,,) 1—(1—R”ITJ

e m

[2-10]

Where o, is the collapse stress of the sandwich composite. R, is the radius of the plastic zone

in the foam core and is determined by:

/ " R,-R
Rpl — Re[ _ ?_ el R in
0 {1+"" }

Rel - Rin [2_1 1]

Op is the indentation depth. &* is the out-of-plane displacement of the z-pinned foam core,

and is dependent to the pin modulus (E,), pin strength (o,,) and pin offset angle (@) according
to;
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where [, is the pin length and d, is the pin diameter.

The collapse resistance of the sandwich composite is based on the analysis by Du et al. [89]
and Cartié and Fleck [34], and predicts the compressive strength, o, of a z-pinned sandwich
composite (equation 2-7 discussed in detail in section 2.3.4) with the assumption that the z-

pins fail by Euler buckling under the indentation load.

2.3.6 Z-Pinned Composite Joints

Composite aircraft structures are joined using adhesives and then usually reinforced with
bolts, rivets or some other type of mechanical fastener. Problems with conventional joints are
that the adhesives are often too weak to carry high out-of-plane stresses and the fastener
holes introduce concentrated stresses that lower the ultimate strength of the laminate
adherends. Z-pins can be an attractive option to reinforce joints by raising the bond-line
toughness and potentially reducing or eliminating the need for fasteners. Figure 2-24 shows
various designs of sandwich joints that could potentially benefit from z-pinning, including T-
shaped joints, U-channel joints, bonded fillet designs and bolted connections [90-94].
However, no studies have been reported on the structural properties and damage resistance of

sandwich T-joints reinforced with z-pins.
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Figure 2-24: Types of sandwich T-joints [94]
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Recent studies have shown that z-pins increase the mechanical properties of bonded joints
(lap joints, L-shaped joints, T-stiffened panels and T-joints) made of carbon-epoxy laminate
[61, 63, 66, 73, 95-98]. Several studies show that the z-pin reinforcement of T-joints
improves the ultimate strength, delamination toughness and absorbed energy capacity [63,
99-101]. This is because the z-pins toughen the joint bond-line by resisting large-scale
cracking due to bridging traction loads generated by the z-pins [99]. For example, Figure 2-
25 shows the typical effect of z-pinning on the strength of a laminate T-joint [64]. A study
conducted by Toral-Vazquez et al. [102] reported a 200% increase in the pull-out strength of
T-joints reinforced by z-pins. A more comprehensive study conducted by Koh et al. [99]
found that the strengthening and toughening effect of laminate T-joints increases with the
volume content of z-pins. The studies on laminate joints indicate that z-pinning may also be
an effective strengthening method for sandwich joints, although this has not been

investigated.
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Figure 2-25: Effect of pull-off loading to the stiffener (upper diagram) and the load-displacement
response of unpinned and z-pinned laminate T-joints [64]
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2.4 CONCLUSIONS

This chapter has presented a comprehensive review of published research into the
manufacturing, microstructural characterisation, and mechanical properties of z-pinned
laminates and z-pinned sandwich composite structures. The review revealed that a complete
study of the microstructure of z-pinned sandwich composites, including defects, has not been
undertaken. However, characterisation work conducted on the microstructure of z-pinned
laminates provides insights into the defects caused by the z-pinning of the laminate face
skins to sandwich materials. The main types of microstructural defects are in-plane fibre
waviness and crimp, broken fibres, pin-offset, resin-rich zones, interfacial cracks, and

volumetric swelling which lowers the average fibre volume content.

The mechanical properties of sandwich composites have only been investigated to a limited
extent, and a complete analysis and experimental assessment of the properties is lacking.
Again the mechanical properties of z-pinned laminates were reviewed when relevant to the
face skins of sandwich composites. The delamination behaviour, stiffness, strength, impact,
indentation response and joint properties of z-pinned sandwich composites were reviewed.
While there has been research conducted on the through-thickness properties of z-pinned
sandwich composites, information is lacking on the effect of orthogonal fibrous pins on the
mechanical properties; the effect of pin end restraint conditions; and the effect of varying z-
pin volume content. There is also a significant amount of information lacking on the impact
and dynamic properties of sandwich composites reinforced with orthogonal pins. The post-
impact mechanical properties of sandwich composites have also not been investigated.
Mechanical models to calculate through-thickness compression stiffness, strength and
indentation resistance of z-pinned sandwich composite have been reviewed in this chapter. A
complete characterisation of these models is lacking. The review also revealed that there is
no published research on the strengthening and toughening of sandwich T-joints reinforced

with z-pins.

This PhD project aims to address several gaps in the science and technology of z-pinned
sandwich composite panels and joints. A series of experimental research studies are
conducted to determine the effects of orthogonal pins on the microstructure; through-

thickness and in-plane mechanical properties and strengthening mechanisms; indentation and
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impact damage resistance; and the joint strength of foam core sandwich composites. The
experimental research is used to further the current level of knowledge into z-pinned
sandwich composites as well as validate existing mechanical models and develop new
models which can be used in the design of high performance sandwich materials for

aerospace structures.
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Chapter 3 THROUGH-THICKNESS
COMPRESSION PROPERTIES AND
STRENGTHENING MECHANICS OF
Z-PINNED SANDWICH COMPOSITES

ABSTRACT

This chapter presents an experimental and theoretical investigation into the through-
thickness compression properties, strengthening mechanisms and failure modes of
sandwich composite structures reinforced with orthogonal z-pins. The compression modulus
of the polymer foam core sandwich composite was found to increase rapidly with the
volume content of z-pins due to their high longitudinal stiffness. However acoustic emission
monitoring and X-ray computed tomography reveal that some z-pins are damaged during
elastic loading. The compression stress to induce core crushing is increased greatly by z-
pinning (up to nearly 700%), although a large percentage of the z-pins fail close to the
elastic stress limit by longitudinal splitting and/or kinking. The total absorbed compressive
strain energy of the sandwich composite is also improved greatly by z-pinning (more than
600%) due to the z-pins resisting core crushing, even though they are severely damaged.

The experimental results are compared to predicted mechanical properties for the z-pinned
sandwich composite calculated. A comprehensive study conducted on existing mechanical
models shows that they lack the capacity to accurately predict the properties of sandwich
materials reinforced with brittle z-pins, due to the complex and stochastic nature of the pin
failure process. A finite element study conducted on the stress fields within a fibrous z-pin
under buckling loads provides an insight into regions of potential failure in a z-pin. While it is
difficult to accurately pinpoint the exact location of pin failure because of the stochastic
nature of the z-pin failure and due to naturally occurring flaws within the pin itself, the
current study and previous studies indicate that z-pins are likely to have larger stress
concentrations at the skin/z-pin interface.
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Part of the research presented in this chapter has been published in the following articles:

Nanayakkara, A., Feih, S. and Mouritz, A.P., ‘Experimental analysis of the through-
thickness compression properties of z-pinned sandwich composites’, Composites, 42A,
(2011), 1673-1680, 2012.

Nanayakkara, A., Feih, S. and Mouritz, A.P., ‘Improving the through-thickness compression
properties of aerospace sandwich composites by z-pinning’, Proceedings of the 21st
Australasian Conference on the Mechanics of Structures and Materials, December 7-10
2010, Melbourne, Australia.
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3.1  INTRODUCTION

Large improvements to the mechanical properties of foam core sandwich composites have
been achieved using z-pin reinforcement, including increased impact damage resistance, in-
plane shear properties, and delamination fracture toughness (as discussed in the literature
review conducted in Chapter 2). For example, Cartié and Fleck [34] measured large
improvements to the through-thickness compressive modulus, strength and absorbed energy
of sandwich composites when reinforced with titanium pins. Cartié and Fleck [34] found that
the compressive strength and energy absorption capacity of z-pinned sandwich materials is
much greater than the individual contributions of the core and unsupported z-pins; with a
synergistic strengthening process occurring when the core and z-pins are used in
combination. The through-thickness compressive properties are improved by an increase to
the elastic buckling load of the z-pins due to the foam behaving as an elastic Winkler
foundation in supporting the pins. Mouritz [38] measured large improvements to the
through-thickness compressive modulus and strength of a sandwich composite with

increasing volume fraction of fibrous z-pins.

Finite element and analytical models have been developed to calculate the mechanical
properties of sandwich composites reinforced with z-pins, including the through-thickness
compressive properties and indentation resistance [34, 38, 40, 103]. These models are based
on fundamental assumptions about the elastic and inelastic deformation behaviour of the z-
pins to external loading which determines the elastic modulus and strength of the z-pinned
sandwich composite. While the deformation behaviour of metal pins to external loading has
been determined experimentally and then used in the formulation of a mechanistic-based
mechanical model for z-pinned composites [34, 87], similar information for fibrous z-pins is
not complete. Z-pins made of carbon fibre composite are the most common type of pin
reinforcement, however information on their deformation behaviour in sandwich materials
under through-thickness compression loading is lacking. Such information is essential for the
development of mechanical models which accurately predict the through-thickness
compression, indentation and impact properties of sandwich composites strengthened with
fibrous z-pins. In particular, information is lacking on the influences of the volume content,

diameter and end constraint of z-pins on the compression properties.
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This chapter presents an experimental and modelling investigation to demonstrate the
improvement to the through-thickness compression properties of an aerospace sandwich
composite structure reinforced with z-pins made of unidirectional carbon filament rod. The
research determines the influences of the volume content (up to 4%), diameter and end
constraint of orthogonal z-pins on the compressive stiffening, strengthening and strain
energy absorption of sandwich composites. The chapter determines the elastic, inelastic and
failure behaviour of fibrous z-pins under through-thickness compression loads using
scanning electron microscopy, acoustic emission, X-ray computed tomography and FE
analysis. This chapter also aims to assess the accuracy of existing mechanical models in
predicting the through-thickness mechanical properties of z-pinned sandwich composites. A
critical assessment of the mechanical models is conducted using the mechanical properties
and strengthening mechanics of the z-pinned sandwich material determined from the

experimental research.

3.2 SANDWICH MATERIALS AND EXPERIMENTAL METHODOLOGY

3.2.1 Sandwich Composites

Sandwich composite specimens were made with thin face skins of carbon-epoxy laminate
covering a low density core of polymer foam. This material is representative of the polymer
foam core sandwich composites used in modern aircraft structures. The skins were made
using unidirectional prepreg tape (VIM 264 supplied by Advanced Composites) stacked in a
quasi-isotropic ply pattern with a thickness of 2 mm. The core material was closed-cell
polymethacrylimid (PMI) foam with a density of 52 kg/m’ and 75 kg/m’ and thickness of 6
mm (ROHACELL Type 5S1RIST or 71RIST respectively supplied by Evonik GmbH). The
material properties for ROHACELL 51 and 71RIST are given in Table 3-1. All samples

tested in this study were made of these materials.
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Table 3-1: Mechanical properties of ROHACELL foam core

Property ROHACELL ROHACELL
51RIST 71RIST
Elastic Modulus 75 MPa 105 MPa
Density 52 kg/m3 75 kg/m3
Shear Modulus 24 MPa 42 MPa
Tensile Strength 1.6 MPa 2.2 MPa
Compressive Strength 0.8 MPa 1.7 MPa
Shear Strength 0.8 MPa 1.3 MPa
Poisson’s Ratio 0.33 0.33

A preliminary study conducted on z-pinning three densities of RIST type foams (51, 71 and
110RIST) revealed that the 110RIST type was too dense (110kg/m’) to z-pin effectively
(especially the high pin volume contents) without causing severe damage to the specimens.
Z-pinning the S1RIST type proved to be the easiest but because of its low density, the foam
was prone to crushing unless cured in an autoclave at low pressure. Therefore the 71RIST
type foam proved to be ideal, and the studies conducted in this thesis were mainly on this

core material. However, results from the SIRIST type foam are also presented.

Two types of z-pinned sandwich materials were produced for flat-wise compression testing:

. Type I: sandwich composite containing z-pins in both the face skins and core.

. Type II: sandwich composite containing z-pins only in the core, with the face skins

not reinforced with the pins.

The geometry and size of the flat-wise specimens made using these two types of sandwich

composite are shown schematically in Figure 3-1.
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Skin - 2mm
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#*— Skin - 2mm
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Skin - 2mm

Pin Core — 6mm
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(b)

Figure 3-1: Sandwich composite flat-wise specimens containing z-pins: (a) pins through the
skins and core (Type 1) or (b) pins through the core only (Type Il). Note that the z-pins are
arrayed in a square grid pattern.

The Types I and II sandwich materials are similar to commercially available X-cor™ and K-
cor™, respectively, with the important difference being that the z-pins are arranged in an
orthogonal rather than X-configuration pattern, the z-pins are undercured and K-cor™ also
contains an adhesive layer. The ends of the z-pins in the Type I specimen are embedded

within the face skins, and this replicates the boundary condition of a built-in column. The z-
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pin ends in the Type II specimen are not embedded in the skins, and this more closely

replicates the boundary condition for a simply supported column, as illustrated in Figure 3-2.

l Load 1 Load

TYPE | TYPE I
(a) (b)

Figure 3-2: Boundary conditions for (a) Built-in Type | z-pinned sandwich composite and (b)
Simply supported Type Il z-pinned sandwich composite

The z-pins were inserted into the sandwich composite using a process similar to the z-

pinning of fibre-polymer laminates, which was described in detail in Chapter 2. The

manufacture of the Type I sandwich composite consisted of several steps which are

illustrated sequentially in Figure 3-3 and described as follows.

1.

Laminate skins were cut precisely to panel size in varying fibre orientations (0,+45, -
45/90).

Sandwich skins (top and bottom) were laid-up separately in a quasi-isotropic pattern.
The ply stack was debulked at every fourth ply to eliminate porosity. It must be noted

that the last ply (0) was not included in the lay-up and was saved for post-z-pinning.

. The sandwich core was introduced as a separate piece and the skins were placed on

both sides of the core and further debulked. This final debulking process ensures that
the sandwich skins stick to the core and remove any trapped air along the interfacial
region.

The uncured sandwich is placed on the z-pinning table and is protected with several
layers of non-stick polymer film. The film ensures minimal contamination of the
sandwich composite during the z-pinning process and also protects the external plies of
the sandwich skins from abrasion when the excess length of the z-pins are sanded to

produce a smooth surface finish.
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5. The z-pins (in their foam carrier) are placed on top of the film protecting the sandwich
composite and then secured in place with adhesive tape.

6. The z-pinning process begins with the hand-held ultrasonic device (operated at the
frequency of 20 kHz) being pressed slowly and firmly down on the z-pin preform and
moved over the entire z-pin region till all z-pins have completely penetrated the
sandwich composite.

7. Any excess length of z-pins protruding from the sandwich composite is then shaved
and sanded off and the protective film can be removed from the top of the sandwich
composite.

8. The final O ply is laid on the top and bottom surfaces of the sandwich composite and
debulked one final time before the cure. A caul plate is used to ensure a smooth surface

finish on the cured sandwich composite.

The manufacture of the Type Il sandwich composite varied slightly to the manufacture of the

Type I material (Figure 3-4), and involved the following processing steps.

1. Laminate skins were cut precisely to panel size in varying fibre orientations (0,+45, -
45/90).

2. Sandwich skins (top and bottom) were laid-up separately in a quasi-isotropic pattern.
The ply stack was debulked at every fourth ply. All of the plies were included in the
skin lay-up at this stage, and none were saved for post-z-pinning.

3. The sandwich core was introduced as a separate piece and z-pinned prior to the
assembly of the sandwich composite. Several layers of film were utilized to protect the
core from contamination during z-pinning.

4. The z-pins (in their foam carrier) were placed on top of the film protecting the
sandwich core and then secured in place.

5. The foam core was z-pinned using the hand-held ultrasonic device.

6. Any excess length of z-pins protruding from the sandwich core is then shaved and
sanded off and the protective film then removed from the core.

7. The uncured sandwich skins were placed on both sides of the z-pinned core and then
debulked.

9. The Type II sandwich composite is then ready for cure. A caul plate is used to ensure a

smooth surface finish on the cured sandwich composite.
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Skins are laid-up and debulked separately to the
core and then assembled with the core

Skin

Core

Core
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Figure 3-3: Manufacture of Type | z-pinned sandwich composite
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Figure 3-4: Manufacture of Type Il z-pinned sandwich composite

As mentioned, the main difference in the manufacturing processes was that the z-pins in the
Type 1 material were inserted through both the uncured carbon/epoxy face skins and PMI
foam core, whereas the pins in the Type II material were inserted through the core only, and
then the uncured skins were applied to core. After z-pinning the sandwich composites were
cured inside an autoclave at 276 kPa and 120°C for one hour. No adhesive was used for
bonding the face skins to the foam core. The epoxy within the skins was used for bonding

with the core during the curing process in the autoclave.

Sandwich composite specimens were produced using thin z-pins (0.28 mm diameter) at
volume contents of 0.5%, 1%, 2% or 4% or thick z-pins (0.51 mm diameter) at the volume
content of 2%. The thin z-pins are pultruded rods of unidirectional T300 carbon fibre-
bismaleimide (Albany Engineered Composites) with a longitudinal elastic modulus of 135
GPa and axial compressive strength of 1.6 GPa. The thick z-pins are rods of unidirectional

T600 carbon fibre-bismaleimide (also produced by Albany Engineering Composites). The
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manufacturer (Albany Engineered Composites) of the z-pins did not disclose the fibre
content of the thin and thick z-pins. However, the fibre content is expected to be similar for
both pin types because the same process (pultrusion) is used in their manufacture. It is
estimated that the fibre volume content is within the range of 60-65%, which is typical for
pultruded composite products. The mechanical properties of the thick and thin z-pins are

given in Table 3-2 [38]. Control sandwich composite specimens without z-pins were also

produced.
Table 3-2: Mechanical properties of Z-pins
Property Thin Pins Thick Pins
T300 T600
carbon/bismaleimide carbon/bismaleimide

Axial Compression Modulus, E 135 GPa 150 GPa
Transverse Compression Modulus, E , 8.3 GPa 8.3 GPa
Shear Modulus, G ,, 125 MPa 125 MPa
Axial Compression Strength, o 1.59 GPa 1.77 GPa
Transverse Compression Strength, o, 60 MPa 60 MPa
Shear Strength, 7 70 MPa 70 MPa
Poisson’s Ratio, V ,, 0.24 0.24

The z-pins were arranged in a near-orthogonal pattern in both types of sandwich material. It
was extremely difficult to insert all of the z-pins in a perfect orthogonal pattern using the
manual z-pinning process, and instead the pins are inclined over a narrow range of shallow
angles close to the orthogonal direction. This is a microstructural feature of z-pinned
composites, as discussed for laminates in chapter 2. Figure 3-5 shows X-ray computed
images of z-pinned sandwich material (core material digitally removed), and it is seen that
the z-pins were inclined at various angles. Figure 3-6 presents histograms showing the
distribution of inclined angles for the z-pins in the Types I and II sandwich composites for all
pin volumes from 0.5% to 4%. All visible offset angles were recorded for Types I and II
sandwich composites (at each pin volume content). This was done via a visual measuring
method whereby all visible faces of the sandwich specimen were photographed and the
offset angle was measured from the orthogonal direction as seen in Figure 3-7. For both

types of sandwich composite about 80% of the z-pins have an offset angle less than 5°.
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()

Figure 3-5: X-ray computed tomography image of z-pinned sandwich composite specimens at
different pin offset angles (a) 0.5% thin pins (b) 2% thin pins and (c) 4% thin pins showing that
the pins are inclined at various angles.
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Figure 3-6: Histograms of z-pin population against inclination angle for the (a) Type | and (b)
Type Il sandwich materials.
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Figure 3-7: Measuring pin offset angles in sandwich specimens

3.2.2 Flat-Wise Compression Testing of Sandwich Composites

The through-thickness compression properties of the unpinned and z-pinned sandwich
composites were determined using the flat-wise test method specified in ASTM C393. The
specimens were 40 mm long, 40 mm wide and 10 mm thick, as shown in Figure 3-1. A
compression load was applied evenly over the face skins in the through-thickness direction
using a 50 kN Instron machine. The tests were performed under ambient conditions (~20°C
and 55% relative humidity). The samples were compressed at a constant displacement rate of
0.5 mm/min until their original thickness was reduced by 40% (i.e. compressed from 10 mm
down to 6 mm), at which point significant densification occurs due to core crushing. It can
be said that compression takes place mostly in the core, resulting in a higher percentage
reduction in core thickness. The compression modulus was determined by calculating the
gradient of linear (elastic deformation) region of the graph as indicated by Figure 3-9a. For
example, in the 4% pin volume content category in Figure 3-9d, the compression modulus
was measured over the strain range of 4% to 7%. Ten samples of each type of sandwich
material were tested under identical flat-wise compression conditions to quantify the

variability in material properties.

3.2.3 Damage Analysis of Sandwich Composites

The deformation and failure of the z-pins under flat-wise compression loading was studied
using scanning electron microscopy, acoustic emission monitoring, and X-ray computed
tomography. The scanning electron microscopy was conducted using a Phillips XL 30 using

backscattered electron imaging. The acoustic emission was performed using a single wide-
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band piezoelectric sensor (WD sensor) mounted on the compression plate of the Instron
machine. The sensor was connected to the 2/4/6 Preamplifier and PCI-2 AE system (Pacific
Acoustics Corporation), and the signal was analysed using AEwin software. The X-ray
computed tomography was performed using a SkyScan 1172, which is a Desktop X-ray
microtomograph (Figure 3-8). A source voltage of 49 kV and current of 167 pA were used.
Image pixel size was set to 17.23 pm. The samples were rotated at 0.2° steps with an

exposure time of 1770 ms allowing for accurate and complete image capture.

Figure 3-8: SkyScan 1172, X-ray tomography equipment

3.3 RESULTS AND DISCUSSION

3.3.1 Compression Stress-Strain Response of the Z-Pinned Sandwich
Composites

The typical resistance of a z-pinned sandwich composite to through-thickness compression
loading is shown in Figure 3-9a. Compression stress-strain curves are presented for the Type
I sandwich composite that is z-pinned through both the face skins and core for foam type
S1RIST (Figure 3-9b) and foam type 71RIST (Figure 3-9c) and the Type II material in which
only the core is z-pinned (Figure 3-9d). The Type II material for S1RIST type foam was not
investigated after determining that the most suitable foam for this study was the 71RIST type

foam (due to the poor crush resistance of the low density SIRIST type foam). The curves
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show an initial elastic response which defines the through-thickness compressive modulus,
before reaching the yield point where the sandwich composite begins to experience
irreversible deformation. The curve for the unpinned composite shows a small load drop
immediately following the yield point due to crushing of the foam core. The load drop
following the yield point is more pronounced in the z-pinned sandwich composites. Despite
the z-pinned sandwich composites generally experiencing a larger load drop than the
unpinned composite following the yield point, the pinned materials retain higher
compression load-bearing capacity for the entire strain range. Similar observations to these
were made by Cartié and Fleck [34] for sandwich composites reinforced with titanium pins.
The compression stress-strain curves were used to determine the effect of z-pins on the

following material properties: compression modulus, yield stress and absorbed energy.
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Figure 3-9: Flat-wise compression stress-strain curves: (a) Typical behaviour for a z-pinned
sandwich composite, (b) z-pins through both the skins and the core (Type ) and foam type
51RIST, (c) z-pins through both the skins and core (Type I) and foam type 71RIST, and (d) z-
pins through the core only (Type Il) and foam type 71RIST

3.3.2 Compression Modulus and Stiffening Mechanisms of Z-Pinned
Sandwich Composites

The effects of volume content, diameter and end restraint condition of the z-pins on the
compression modulus of the sandwich composite is shown in Figure 3-10. Despite large
scatter in the data (the cause of which will be discussed later in this chapter), there is a
progressive increase to the compressive stiffness with the volume content of z-pins. The
compression properties are improved by several hundred percent with just a few percent of z-
pins for both foam types, which show the strong stiffening effect provided by z-pins when
aligned in the orthogonal direction. Mouritz [38] measured similar improvements to the
through-thickness compressive modulus of a fibreglass sandwich composite with increasing
z-pin content, as reported in Chapter 2. The increase in the compression modulus is due to

the z-pins behaving as a highly rigid elastic foundation. The z-pins are much stiffer than the
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foam core (by about 1500 times), and therefore increasing their volume content by a small

amount results in a large increase to the elastic properties of the sandwich material.
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Figure 3-10: Effects of the volume content and diameter of z-pins on the through-thickness
compression modulus. The error bars represent one standard deviation. The percentage
values indicate the increase in compression modulus of the z-pinned sandwich composite
compared to the unpinned material with the same core density. Results for foam type (a)
51RIST and (b) 71RIST
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A study of the lower density foam revealed that a large improvement in the modulus
occurred with a 2% volume content of z-pins when compared to the 0.5% volume content
(Figure 3-10a). This improvement, though significant for the 71RIST type foam, was not as
pronounced due to the combined stiffness of the core and z-pins. The 71RIST type foam has
a compressive strength that is 112% greater than that of the 51RIST type foam. The
combined compressive strength of the z-pins and the foam is therefore greater for higher
density foam (71RIST). The results in Figure 3-10b show that the compressive modulus
properties are similar for the Types I and II materials, indicating that the z-pin boundary
condition (i.e. built-in column or simply supported column, respectively) does not have a
large influence on the stiffness properties. The stiffness of an elastic column is not affected
by its boundary condition, and therefore the elastic properties for the Types I and II sandwich
composites should be the same for fixed z-pin content provided the misalignment is similar.
Figure 3-10 also shows the elastic properties of the sandwich composites with the same
volume content of thin or thick z-pins are similar. This is because the stiffening effect of z-

pins is not determined by their size, but only by their volume fraction and elastic modulus.

The compression modulus of a sandwich composite is related to the volume content of z-pins
via the rule-of-mixtures expression (below, equation 3-1) developed by Mouritz [38] and

described in detail in chapter 2 (equations 2-1 to 2-3).

E.=Eif;+ E,f, [3-1]

The first and second terms account for the stiffness contributions of the core and z-pins,
respectively. Er and E, are the elastic modulus of the foam core and z-pins, respectively, and
frand f, are the volume fractions of foam material and z-pins in the core, respectively. E, is

related to the pin offset angle via the expression;

-1

4 -4 2V ,

E (9)=|= O s 0 1 L s lGn? 0cos’ 0
P E E G E

X y Xy X
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The subscripts x and y refer to the directions parallel and normal to the z-pin axis. Gy, %y,
and v,, are the shear modulus, shear strength and Poisson’s ratio values for the z-pin,

respectively. @ is the inclination angle of the z-pin from the compression load direction.

This model was solved for the different types of z-pinned material, and the calculated
compression modulus values are compared against the experimental results in Table 3-3. In
the calculation the average pin inclination angle (6) measured for each pin volume content
category was used. The analysis reveals that the theoretical elastic modulus increases linearly
with the volume content of the z-pins for the same misalignment angle. The elastic modulus
then decreases with an increasing average pin offset angle, which is expected. The results are
very sensitive to the offset angle. However, despite accounting for the offset angle, the
theoretical modulus values were much higher than the experimental values in most cases.
Reasonable predictions were only achieved for pin volume fractions of 0.5% and samples

with large offset angles.

Table 3-3: Experimental and theoretical compressive modulus values for the z-pinned
sandwich composite with the 71RIST foam core. The average pin offset values, which were
measured, were used in the calculation of the theoretical modulus

Composite Measured Average Experimental Theoretical
(I - Type | pin offset angle Modulus Modulus
() - Type Il (deg) (MPa) (MPa)
0.5% (1) 6.1° 160 156
1% (1) 3.5° 252 371
2% Thin (1) 1.6° 253 1547
2% Thick (I) 4.9° 241 412
0.5% (Il) 2.7° 250 305
2% Thin (II) 2.1° 253 1194
2% Thick (II) 5.7° 252 342
4% (1) 2.1° 346 2372

The theoretical compressive modulus of the z-pinned sandwich composites was also
calculated using finite element (FE) modelling. A FE model was created using Abaqus
(Version 6.1) to analyse the through-thickness modulus of a z-pinned sandwich composite.
The carbon/epoxy prepreg skins were not included in this analysis because deformation

occurs in the z-pins and the foam core region only. The foam core was modelled using three-
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dimensional solid elements. The z-pins were modelled using three node quadratic truss
elements (T3D2) using the embedded element function in Abaqus to include the pins within
the foam. The quadratic truss element was able to account for the orthotropic properties of
the z-pins. Figure 3-11 shows the FE model in which all of the z-pins are perfectly
orthogonal in the foam core. The analysis aimed at establishing the linear stiffness of the

material, and a quasi-static analysis approach was therefore chosen.

+5.086e+03
+1.965e+01

Figure 3-11: FE model showing 2% thick pins embedded in 71RIST foam core

Figure 3-12 compares the measured modulus values against the modulus calculated using the
FE model and the analytical model by Mouritz [38]. Two data sets are represented in the
analytical model; the orthogonal and the weighted analysis, where the orthogonal model
assumes perfectly orthogonal pins and the weighted analysis considers the distribution of pin
offset angles in that sample category. The experimental modulus values are much lower than
the calculated values for all z-pin contents whereas the FE analysis and the theoretical model
are in much better agreement. This agreement is due to the similar approaches to calculate
the stiffness of the sandwich core using the elastic properties, volume content and the
misalignment angle of the z-pins. To investigate the disagreement between the experiment
and the calculated values, the FE model was changed so that the z-pins were inclined at
various angles up to 14° (Figure 3-13), which is the maximum measured offset angle (Figure
3-6) for each pin volume content category. The effect of offsetting the z-pins on the
compression modulus calculated using the FE model is shown in Figure 3-12. An FE

analysis was conducted whereby the z-pins were perfectly orthogonal and also offset;
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however, the consideration of offset pins in the FE analysis only provides a small reduction
in modulus. Despite the reduction in modulus, it was not significant enough to match the
measured experimental values, showing that the inclination of the pins is not the reason for
the reduced modulus. It should be noted that the two data points at the 2% pin volume

content are 2% thin pins and 2% thick pins.
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Figure 3-12: Modulus improvement with increasing z-pin content; analytical and finite element
methods
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Figure 3-13: FE model with offset z-pins
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A sensitivity study conducted on the impact of the z-pin offset angle on the stiffness
prediction by the model shows that the value of the elastic modulus reduces rapidly with the

z-pin offset angle (Figure 3-14).
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Figure 3-14: Sensitivity of calculated stiffness (Mouritz Model [38]) to the z-pin modulus E, with

increasing offset angle

The variation in the modulus values between Figure 3-12 and Figure 3-14 for a 14° pin offset
angle is due to different shear modulus values in the analysis and is explained in detail
below. The mechanical model predicting the through-thickness modulus of the z-pinned
sandwich composite is sensitive to the shear modulus of the z-pin. Equation 3-2 shows the
calculation of the z-pin modulus based on the pin offset angle. If the pin offset angle was to
remain constant, the z-pin modulus would be then dependent on z-pin material properties
such as the z-pin transverse modulus or the shear modulus. The model shows sensitivity to
the shear modulus. The shear modulus was investigated due to the lack of published
information on z-pin material properties. The only available published shear modulus (as
shown in Table 3-2) appears to be rather low, when compared to the generic shear modulus
of unidirectional carbon, which is in the order of 5GPa. Figure 3-15a shows the calculated
modulus (Equation 3-1) with increasing pin volume content for a variety of z-pin shear

modulus values (with the z-pin offset angle fixed at 10deg). It can be seen from the figure
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that doubling the z-pin shear modulus roughly doubles the calculated modulus for the

sandwich composite.
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Figure 3-15: (a) Sensitivity of z-pin shear modulus to the calculated modulus E and (b)

Sensitivity of z-pin modulus to the shear modulus of the pin G, with increasing offset angle
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The modulus of the z-pin E, is highly sensitive to its shear modulus for all offset angles
(Equation 3-2). Figure 3-15b shows this sensitivity of the pin modulus to a variety of shear
modulus values ranging from the published 125MPa value to the value of 54GPa, which has
been the shear modulus that is deduced through finite element method, in an elastic and
isotropic analysis. The shear modulus (G) of an elastic beam element is deduced by the

Young’s modulus (E) and the Poisson’s ratio (V) using the following equation;

E

YT 53]

An orthotropic finite element study showed a similar response to the isotropic study. The
analytical model presented for predicting the modulus of the z-pin (Equation 3-2) is also in
agreement with the finite element study when a value of 54GPa is used for the shear

modulus, validating the theoretical principles that govern the analytical model.

The inabilities of the stiffness model by Mouritz [38] and the FE model to accurately predict
the elastic modulus was examined by investigating the compressive response of the z-pins as
the sandwich composite was subjected to increasing compression loading within the elastic
regime of the stress-strain curve. Acoustic emission was performed on z-pinned specimens to
monitor the damage and failure of z-pins, which is characterised by an acoustic event with
high amplitude (80-100 dB) and energy (20 — 100 kJ). Three acoustic emission studies were

conducted to characterize and isolate pin failure:

. investigate the acoustic energy events emitted by the unpinned sandwich composite
. identify the AE properties of damage to z-pins in a sandwich composite
. capture the acoustic energy hits of a fully z-pinned sandwich

In the first study, a sandwich composite sample without z-pins was compressed and the
corresponding acoustic energy events were recorded. Shown in Figure 3-16 are data points
which indicate discrete acoustic emission events and a linear curve which shows the
cumulative acoustic emission counts with increasing compressive strain. Most of the acoustic
emission events for the unpinned sandwich composite under elastic loading conditions had

low energy levels (below 5-10 kJ). A few higher energy acoustic emissions (between 20kJ
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and 30kJ) were detected when the yield stress was reached, and this was attributed to core

crushing.
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Figure 3-16: Acoustic emission monitoring of the unpinned sandwich composite. The data
points indicate discrete acoustic emission events and the thick curve shows the cumulative
number of emission events with increasing strain.

In the second study, a sandwich composite test (Type 1) was z-pinned over an area of 10 mm
x 10 mm, as shown in Figure 3-17a. The sample only contained nine z-pins (each with a
diameter of 0.51 mm) within the central region. Figure 3-17b shows the load-strain and
acoustic emission results for this sample. There were just nine high energy acoustic emission
hits (15-60 kJ) which were recorded at the strain region as the onset of core yielding in the
sandwich composite began. That is, each hit corresponded to one of the z-pins being
damaged at about the strain at which the core started to permanently deform. Using this
method (whereby there are fewer and a known number of pins), the event of pin failure can

be successfully isolated to the elastic and yield regions of the graph.
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Figure 3-17: (a) Centralized pin configuration to determine pin failure acoustic signal
(b) Acoustic energy result for compression test of the sandwich composite containing nine z-
pins

The acoustic response of a fully z-pinned sandwich composite sample was investigated in the
third study. A large number of high energy acoustic emission events were detected in the
elastic regime, even at very low strain (Figure 3-18). The total number of acoustic events
increased rapidly with the applied stress up to the yield stress of the z-pinned sandwich
composite. This reveals that the z-pins are damaged (despite their high stiffness and strength)

during elastic deformation of the foam core.
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Figure 3-18: Acoustic emission monitoring of the z-pinned sandwich composite containing 2%
thick z-pins. The data points indicate discrete acoustic emission events and the thick curve
shows the cumulative number of emission events with increasing strain.

To investigate the failure of z-pins in the elastic regime, z-pinned sandwich specimens which
had been loaded within the elastic regime (and then unloaded) were examined using X-ray
computed tomography. Figure 3-19 shows the z-pins following elastic loading to the strain of
2.5%, and numerous pins had failed by longitudinal splitting and kinking. This indicates that
the acoustic emission events recorded during elastic loading are caused by this splitting and

microbuckling damage to the z-pins.

Examination of the z-pins before insertion in the sandwich composites revealed the presence
of voids, as shown in Figure 3-20. The voids are caused by incomplete wetting of the carbon
fibres with the BMI resin matrix during the pultrusion process used to manufacture the z-
pins. The voids are elongated in shape and are aligned along the z-pin axis. It is believed that
the voids induce longitudinal splitting of the z-pins under elastic compressive loading. The
splitting then causes the z-pins to collapse by kinking. This damage causes a large loss in
stiffness to the z-pins, and it is almost certainly responsible for the measured compression
modulus values being lower than the calculated modulus (Table 3-3). Furthermore, given
that the partial failures of the pins occur in both the elastic and plastic regions of the graph,

the measurement of the experimental modulus cannot be truly represented as elastic.
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Therefore the elastic limit of the z-pinned sandwich structure cannot be accurately

determined due to the stochastic nature of failure in the z-pins.

Splitting

Figure 3-19: X-ray computed tomography image of a z-pinned sandwich composite (0.5% thin
z-pins) following elastic compression loading. Some z-pins have failed by longitudinal splitting
and kinking.
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0.3 mm

(b)
Figure 3-20: Voids in an as-manufactured z-pin. (a) The view is taken across the width (load-
bearing area) of the pin. (b) View along the length of the pin in a carbon/epoxy laminate similar
to the material used in the face skins to the sandwich composite. Photographs from Chang [54]

Damage to the z-pins during elastic loading occurs over a range of stress levels due to the
stochastic nature of the pre-existing defects. Not all the z-pins contain voids, and those pins
that do have voids of different sizes and volume contents. As a result, the compressive stress
to induce longitudinal splitting and kinking varies between the z-pins, and this accounts for

the large amount of scatter in the measured elastic modulus values for the z-pinned sandwich
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composites shown in Figure 3-10. The offset angle of the pin may also play a role in the

specific failure method of the pin, i.e. kinking or splitting.

A FEA study was conducted on a unit pin model (single z-pin) to investigate the failure of z-
pins under compressive loads. A previous FE modelling study by Kocher et. al. [104]
investigated the stresses generated within sandwich composites containing z-pins arranged in
a truss-type structure where the pins are inclined at 45° or 60° from the orthogonal direction.
The model determined the stresses within the z-pins and face skins under through-thickness
compression loading of the sandwich material. The FE analysis revealed that the highest
stresses are concentrated at the interfacial region between the z-pins and face skins. Failure is
expected to occur by damage to the z-pins in this region and by penetration of the z-pins into

the skin laminate.

To further investigate the stresses in a z-pin under compressive loads, a single z-pin was
modelled in Abaqus using solid elements. The pin was offset at different angles and
embedded within the top and bottom face skins. The foam was neglected in the model due to
the relatively small contribution it has towards the through-thickness properties. Kocher et al.
[104] also found that the foam does not result in a significant improvement in strength.
Figure 3-21 shows the FE model for the single z-pin in orthogonal and several offset
directions up to 12°. A concentrated load of 1 kN was applied in the z- (through-thickness)
direction. The maximum stress generated within the z-pinned material system and the failure

load of the z-pin was calculated for the different pin angles.

d1d]

12°

Figure 3-21: FE model showing a single z-pin at different offset angles before through-
thickness compression loading
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Figure 3-22: Effect of z-pin offset angle of the maximum stress (load) generated within the pin

The FE analysis revealed that the z-pin buckling load decreased (which was indicated by a
static buckling analysis) with increasing pin offset angle, which is expected (Figure 3-22).
The maximum stress was determined by recording the maximum Mises Stress value in the
FE analysis. It was also found that the locations of concentrated stress (maximum Mises
stresses) in the z-pin were dependent on the offset angle. At 0°, the maximum stress was
concentrated in the middle of the z-pin at the point of maximum lateral displacement due to
the buckle, as seen in Figure 3-23a. This indicates that at 0° the z-pin is likely to fail via
Euler-type buckling in the form of a half-sine wave. With increasing offset angle, the
maximum stress shifted closer to the interfacial region between the z-pin and face skins and
this suggests that the pin will fail close to the interface. This shift in the stress concentration
location is shown in Figure 3-23b to Figure 3-23d. This agrees with the study by Kocher et
al. [104] where the stress concentrations were calculated to occur the z-pin and skin interface
at large offset angles of the truss structure (45° or 60°). It can also be seen in Figure 3-23 that
the stresses in the z-pin are not just concentrated in one location, but there a several regions
of high stress along the pin length. This is representative of the multiple failures observed in

the z-pin using x-ray computed microtomography. Despite providing theoretical accuracy
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and verification, the FE study does not accurately represent the experimental finding
whereby the z-pin failure process involves splitting, kinking and microbuckling rather than

pure buckling. A far more detailed analysis is required whereby the voids within the z-pin

should be modelled.
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Figure 3-23: Stress concentrations with increasing z-pin offset angle
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The experimental research presented in this section has clearly shown that the through-
thickness compression modulus of the sandwich composite increases with the z-pin content.
The z-pins are denser than the foam core, and therefore there is some weight penalty incurred
when reinforcing the core with pins. Figure 3-24 shows the calculated effect of increasing z-
pin content on the percentage weight gain of the foam material. Material selection charts
(also called Ashby plots) for the modulus-density and strength-density relationships of
engineering materials are presented in Figure 3-25. Included in these charts are the property-
density relationships of the foam core material with and without z-pins. It is seen that both
the modulus and strength of the foam are greatly increased (by at least one order of
magnitude) with only a small increase in density. These large improvements in the specific
properties makes z-pinning an effective method for the stiffening and strengthening of light-

weight structural materials used on aircraft.
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Figure 3-24: Percentage weight increase to the RIST71 core material with increasing pin
volume content
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This study has shown that the stiffening effect by the z-pins is controlled mostly by the
volume content, elastic modulus and orientation of the z-pins, and that the diameter and
boundary condition of the pins are less important. The efficacy of the z-pins in stiffening of
the foam core will increase with the ratio of E,/E; where E, and Erare the Young’s modulus
of the z-pin and core material, respectively. The ratio will increase with the volume content
and modulus of the z-pins as well as reduction of the misalignment angle of the pins from the
orthogonal direction. Figure 3-26 shows predicted increase in the through-thickness
compressive modulus of a sandwich composite with increasing E,/E; ratio for different z-pin
contents (for the Mouritz model). This ratio was based on the stiffness of the two foams
studied in this thesis. The dashed line shows the existing E,/Eyratio for both the 5IRIST and
the 71RIST type foams. The figure shows that the composite stiffness increases at a linear
rate with increasing E,/E; This increase is pronounced when the pin volume content is
increased. The trends for the SIRIST foam are nearly the same as the 71RIST foam, and this

is because the difference in stiffness of the two foams is not significant.
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Figure 3-26: Increase in the stiffness of the sandwich composite (E;) with increasing E,/E; ratio
for (a) 51RIST foam and (b) 71RIST foam core materials

3.3.3 Compression Strengthening, Energy Absorption Capacity and
Strengthening Mechanisms of Z-Pinned Sandwich Composites

Figure 3-27 and Figure 3-28 show the measured effects of increasing volume content and
diameter of z-pins on the compressive yield strength and compressive strain energy
absorption capacity of the sandwich composite. The yield strength is the stress level at which
the sandwich material begins to undergo bulk plastic deformation, and is taken from the
compressive stress-strain curve as the peak stress immediately following the elastic region
and immediately before the load drop. The compressive strain energy absorption is the
amount of strain energy needed to deform the sandwich material over the test strain range
(40% deformation), and is determined from the total area under the compressive stress-strain
curve. Both the yield strength and strain energy absorption capacity increase rapidly with the
volume content of z-pins. At the highest z-pin content (4%), the yield strength is increased
by nearly 700% and the absorbed strain energy by about 600%. The improvement to these
properties is not affected significantly by the z-pin diameter (for the two sizes that were
studied) or by the end constraint on the z-pin (built-in column or simply supported column).

This reveals that improvements to the through-thickness compressive properties (modulus,
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strength and absorbed strain energy) are determined primarily by the volume content of the

z-pins, and other pin parameters (such as diameter and end constraint) are less influential.
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Figure 3-27: Effects of the volume content and diameter of z-pins on the through-thickness
compression yield stress. The error bars represent one standard deviation. (a) 51RIST foam
and (b) 71RIST foam core sandwich composites
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Figure 3-28: Effects of the volume content and diameter of z-pins on the compressive strain
energy absorption capacity. The error bars represent one standard deviation. (a) 51RIST foam
and (b) 71RIST foam core sandwich composites
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The compressive stress-strain curves for the z-pinned sandwich composites show an abrupt
load drop immediately following the yield point (Figure 3-9). This is due to a sudden loss in
pin stiffness and strength. The compressive failure behaviour of the z-pins between the yield
stress point and the end of the compression test (at 40% deformation) was determined using
acoustic emission monitoring, X-ray computed tomography and scanning electron
microscopy. Figure 3-16 shows that a high density of low energy acoustic events (most
below 10 kJ) were recorded for the unpinned material at the compressive yield point, and this
is due to initial plastic crushing of the foam core. The number and energy of the acoustic
events in this material then remains relatively low with increasing compressive strain until
about 30% when the material begins to work-hardened due to densification of the crushed
core. In contrast, the z-pinned sandwich composite emitted both low energy (under 10 kJ)
and higher energy acoustic signals (~20-60 kJ) due to core crushing and z-pin damage,
respectively. The high energy acoustic events occur over the entire strain region which

indicates that z-pins fail over the entire strain range.

Figure 3-29 presents a sequence of X-ray computed tomography images of a z-pinned
sandwich composite taken at increasing levels of compressive strain between the yield point
and the end of the flat-wise compression test. Buckling of the z-pins is not evident, which is
the dominant failure mode for metal pins in sandwich composites [34]. Instead, increasing
the compressive strain caused an increasing number of z-pins to fail by longitudinal splitting
and kinking and also at multiple locations along the length of the pins. The z-pins failed over
a range of compressive strain values due to their variable strength and inclined angles,
although a large percentage of the pins fail close to the yield point, as shown in Figure 3-29a
and by the acoustic emission monitoring results presented in Figure 3-18. Increasing the
compressive strain beyond the yield point causes further damage to the z-pins by crushing

and fragmentation.
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Figure 3-29: High (left-hand side) and low (right-hand side) magnification x-ray computed
tomography images of a z-pinned sandwich composite (0.5% thin pins) taken after loading at
increasing levels of compressive strain: (a) 8% (yield point), (b) 18% and (c) 40% (end of test).

Even though most of the z-pins failed close to the yield point, the residual strength and
absorbed energy capacity of the z-pinned sandwich composites remained much higher than
the unpinned material. It appears that even after the z-pins break they do not completely lose
their load-bearing capacity. Instead, the fractured ends of the z-pins are pressed into the core
material which acts as a stress transfer medium (Figure 3-30). The fractured ligaments of the
z-pins were forced into the foam core with a mechanical response similar to a cylindrical
punch at an inclined angle being pressed into a plastic medium (i.e. core material). The
resistance against this process increases the further the fractured ligaments of the z-pins are
pressed into the core, thereby increasing the compressive strength and strain energy

absorption capacity above that of the unpinned sandwich material. The total force needed to
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press the fractured z-pins into the core increases with their volume fraction, and this accounts
for the increase to the compressive strength and strain energy absorption of the z-pinned

sandwich composites at high compressive strain levels.

AccV  Spot Magn Det WD Exp
0 kV 5.0 106x SE 143 1

Figure 3-30: Scanning electron micrographs showing examples of indentation of the foam core
by fractured z-pins.
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Several models have been developed to calculate the flat-wise compressive strength of z-
pinned composites, including a buckling model proposed by Cartié and Fleck [34] and a
strength-based model by Mouritz [38]. The compressive strength of a sandwich composite

reinforced with z-pins that fail by buckling is calculated using [34]:

o, =f,0,co80+0, [3-4]

where o, is the average stress in the foam, f, is the volume fraction of z-pins, 6 is the pin

f

offset angle and o, is the buckling stress of the pins. o, and o, are calculated using:

4E P,
O, =—F———— [3-5]
7rdpEp cosd
and
7’E I 4
0, =5 (m’ +#) [3-6]
A, (ul) m-w E I

where E,[ is the flexural stiffness, [ is the pin length, f is the foundation modulus of the
foam, m is the number of half sine waves the pin buckles (assumed to be 1), u is a value of
0.5 or 1 depending on the end restraint condition of the z-pin and Er and E, are the elastic

modulus of the foam and z-pin, respectively.

When the z-pins fail by crushing rather than buckling then the compressive strength is

calculated using [38]:

6=90

c,(36)= >V (6.5,6) [3-7]
6=0

where the compressive strength of the pins at the inclined angle (6) is determined using:
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1
2 20 il .4 2pun2p | 2
cos” B(cos” @ —sin 6’)+sm 6’+cos fsin” 8 [3-8]

o’ o’ 72

x y xy

c,(0)=

oy and o, represent the axial and transverse strengths of the z-pin, respectively, and 7,y is the

shear strength of the pin.

Table 3-4 shows the calculated increase to the compressive strength of the sandwich
composite with increasing volume content of z-pins when it is assumed that pin failure
occurs by buckling (Equation 3-4) or crushing (Equation 3-2). Strength calculations for both
models used the average value of the measured z-pin offset angles for each pin volume
content category. The agreement of the models with the measured strength values is poor,
and this is because neither model has the capacity to analyse the complex failure process of
fibrous z-pins which involves longitudinal splitting, kinking and fragmentation. Modelling is
also difficult because of the presence of voids within fibrous z-pins which influence their
failure stress. Therefore, existing mechanical models are unable to predict the compressive
strength of composites reinforced with these fibrous z-pins, and the development of a
strength-based model is challenging due to the complexity of the failure mechanisms and the
stochastic strength properties of the pins. However, such a model is needed for the design of

z-pinned composite structures for aerospace and other applications.

Table 3-4: Experimental and theoretical compressive yield strength.

Average
Composite pin offset Experimental Strength
(I - Type | angle Compressive Strength Model [38] Buckling Model [34]
(1) - Type ll (deg) (MPa) (MPa) (MPa)
0.5% (1) 6.1° 1.8 +/- 0.1 3.8 1.5
1% (1) 3.5° 4.7 +/-1 8.4 2.8
2% Thin (1) 1.6° 4.9 +/- 0.1 24.3 5.4
2% Thick (I) 4.9° 6.3 +/-2.3 11.9 19.8
0.5% (Il 2.7° 5.1 +/-0.5 5.8 1.1
2% Thin (Il) 2.1° 7.7 +/-1 21.2 3.8
2% Thick (I1) 5.7° 8.3 +/-0.9 10.6 13.7

4% (1) 2.1° 129 +/-1.6 414 7.4
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3.4 KINKING STRENGTH MODELLING OF Z-PINS

In light of the discovery that z-pin failure is a complex process involving several damage
mechanisms, including kinking, the Budiansky-Fleck [105, 106] model for compressive
failure of fibre composites via plastic kinking was adapted to determine pin strength. Figure
3-31 shows x-ray tomography images of z-pins in a sandwich composite kinking under

compressive loads.

Kinking

Figure 3-31: Examples of kinking failure of z-pins in a sandwich composite

Kinking can be defined as a process whereby the fibres undergo micro-buckling collectively
in a narrow band, as shown schematically in Figure 3-32. Kink bands in unidirectional
carbon fibre composites typically have a B value (which is the rotation angle normal to the
fibre orientation) of 10° to 30° and a width of about 10 fibre diameters. If kinking is assumed

to be an elastic bifurcation buckling problem and B is 0°, then the kinking stress (o.) is

determined by:
Gm
O'C = [3-9]
1-v,

Where G, is the shear modulus of the matrix and V;is the volume fraction of the fibres. An
equation for kinking in the plastic regime was developed by Argon [107] and modified by
Budiansky and Fleck [105, 106]:

87



Through-thickness mechanical properties | Chapter 3

[3-10]

Whereby 7, is the longitudinal shear stress, y, is the yield shear strain and 5 is the initial
misalignment angle. Busiansky and Fleck [105, 106] state that if the elastic-ideally plastic
constitutive law is assumed, then the limit point buckling occurs at a particular ratio of
kinking stress to shear modulus for fibrous materials that obey the Ramberg-Osgood shear

stress relationship:

o/ |1+ (Ej % 3-11
/G " 7 n—1 [ ]

Figure 3-32: Kink band geometry and notation, adapted from Budiansky and Fleck [105, 106]

With the assumption that the initial fibre misalignment angle is 2° (which is a typical value

for unidirectional tape laminate) and for all values of n within the range 3<n<co, then the
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variation of O-/ with V is the same. For V the values range from 3 to 4 and O-/
G Yy Yy G

for range from 0.2 to 0.25 [105, 106]. Therefore, based on this relationship, the kinking
stress, O, , can be determined for z-pins offset at different misalignment angles. This kinking

stress can then be applied to the strength model developed in the Mouritz model [38]

(Equation 3-1), replacing the term for z-pin strength o, and thereby creating a new model

for the prediction of through-thickness strength of a z-pinned sandwich composite. This
assumes that the main mode of z-pin failure is kinking. The new model with the kinking

relationship is described by:

o. = offy + orfy [3-12]

Figure 3-33 shows the variation in the failure strength calculated using the new kinking
stress model with the pin offset angle for two z-pin volume contents. Figure 3-33 shows the
Mouritz [38] strength model with crushing failure assumptions and the newly introduced
kinking stress model. The strength of the z-pinned sandwich composite decreases with
increasing pin offset angle for both the crushing and the kinking failure mechanisms.
However, the original crushing failure assumption shows large over-predictions in the
strength in comparison to the experimental strength for both 0.5% and 2% pin volume
contents, which are 1.8 MPa and 4.9 MPa respectively. However, with the introduction of
the kinking stress to the Mouritz model [34], the strength predictions for a z-pinned
sandwich composite are much lower and in closer agreement with the experimental values,
although they are now under-predicting the experimental results. However, sensitivity to the
pin offset angle is now reduced. Table 3-5 shows the predictions made by the kinking stress
model on the strength of a z-pinned sandwich composite with varying pin volume content.
The new model takes in to account the average offset angle recorded and also conducts a
weighted analysis for every pin volume content category. It should be noted that the kinking
stress model does not account for the z-pin end restraint condition. The values calculated by
the kinking model, both with average angle and a weighted prediction are in closer
agreement with the experimental values. Despite the under-prediction of strength values, the
model shows that introducing the concept of z-pin kinking as a failure mode is a more

realistic and accurate than the assumption of crushing based on the tomography results. The
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incorporation of other failure modes such as splitting can provide a more accurate

representation of the actual complex failure of z-pins under compressive loads.

35
30
2% Thin Pins
25 (Crushing)
g
s 20
< 0.5% Thin Pins
ED 15 (Crushing)
e
& 10 0.5% and 2% Thin Pins
(Kinking)
5
0
0 5 10 15 20 25
Pin offset angle (deg)
(a)
3
2.5 2% Thin Pins
/ (Kinking)
5 0.5% Thin Pins
— (Kinking)
a |
g_ -----------------------------------------------
< 15
o
o
z
ho1
0.5
0

0 5 10 15 20 25
Pin offset angle (deg)

(b)
Figure 3-33: New model for predicting z-pinned sandwich composite strength using kinking

stress (a) in comparison with the Mouritz model [34] with pin crushing and (b) expanded view of
new kinking model
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Table 3-5: Strength of a z-pinned sandwich composite with z-pin crushing failure and z-pin
kinking failure assumptions

New Model New Model with
Average Strength with Kinking Kinking
pin Experimental Model Stress using Stress using

Composite offset Compressive Mouritz average offset weighted
() - Type | angle Strength [34] angle analysis
(1) — Type I (deg) (MPa) (MPa) (MPa) (MPa)
0.5% (1) 6.1° 1.8 +/- 0.1 3.8 1.7 1.7
1% (1) 3.5° 4.7 +/- 1 8.4 1.8 2
2% Thin (1) 1.6° 4.9 +/- 0.1 24.3 2.2 2.7
2% Thick (I) 4.9° 6.3 +/-2.3 11.9 1.9 2.2
0.5% (Il 2.7° 51 +/-0.5 5.8 1.7 1.8
2% Thin (Il) 2.1¢ 7.7 +/-1 21.2 21 2.4
2% Thick (II) 5.7° 8.3 +/- 0.9 10.6 1.9 2.1
4% (1) 2.1° 12.9 +/- 1.6 41.4 2.7 3.5

3.5 CONCLUSIONS

Z-pinning is an effective method for improving the through-thickness compressive properties
of sandwich composites. Z-pins inserted in an orthogonal configuration increase the
compression modulus, strength and absorbed strain energy capacity of foam core sandwich
composites. The compressive properties increase rapidly with the volume fraction of z-pins,
and only a small amount of pins (under a few percent) is needed to improve the properties by
several hundred percent. The improvement to the properties is controlled strongly by the z-
pin content, and is not influenced significantly by the pin diameter (for the two sizes studied)
or the pin end constraint (built-in column or simply supported column).Fibrous z-pins fail
during both elastic and plastic deformation of the foam core via a complex process of
splintering, kinking and fragmentation. However, even after the z-pins have failed, the
collapsed pin segments can promote significant strengthening because the foam core behaves
as a Winkler elastic foundation which allows stress transfer. Also, the fractured ligaments of
the z-pins are pressed into the foam core under increasing compressive strain which
strengthens the sandwich material. Failure of the fibrous z-pins is initiated by voids created
during pin manufacturing, and as a result they do not respond to compressive loading in the
same way as metal pins. Existing mechanical models for calculating the through-thickness
properties of z-pinned sandwich composites are not accurate for the materials studied here,

because they do not account for the splintering and kinking of the z-pins.
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Chapter 4 INDENTATION AND IMPACT
PROPERTIES OF Z-PINNED SANDWICH
COMPOSITES

ABSTRACT

This chapter assesses the indentation and impact properties of sandwich composites when
the core was reinforced with through-thickness z-pins. Low-speed point loading
(indentation) and high-speed point loading (impact) experiments were conducted to
investigate the effect of localised loading conditions on the mechanical response of z-pinned
sandwich materials. The low-speed tests involved indenting the composites with a
hemispherical ball, cylindrical rod and flat plate to induce different surface contact
conditions. An increase in contact area by changing the type of indenter resulted in an
increase in the through-thickness stiffness and absorbed energy properties of the z-pinned
sandwich composite. The increase was attributed to the increase in contact area where an
increasing number of z-pins resist the indentation load. The experimental results were
compared with theoretical results calculated using an indentation model for z-pinned
sandwich composites, and the agreement was poor. It was established that the existing
model lacks the fidelity to mechanistically analyse the indentation process involving
splintering, kinking and fragmentation of the z-pins.

There was no improvement to the impact damage resistance and post-impact mechanical
properties of the z-pinned sandwich composite at low impact energies (when damage was
confined to the impacted face skin). Z-pins were only marginally effective at increasing the
damage resistance when the impact energy was high enough to cause core crushing. Z-
pins absorbed high impact energy via splitting, microbuckling and fragmentation during core
crushing, and these processes increased slightly the impact damage resistance of the
sandwich composite.
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Part of the research presented in this chapter has been published in the following article:

Nanayakkara, A., Feih, S. and Mouritz, A.P., ‘Experimental impact damage study of z-
pinned sandwich composites’, Journal of Sandwich Structures and Materials, Vol. 14, pp.
469-486, 2012.

4.1 INTRODUCTION

Problems with conventional sandwich composites (with an unreinforced core material)
include poor resistance against through-thickness compression, crushing and impact loads, as
previously mentioned. The low stiffness and strength of the core material provide little
resistance against crushing of the sandwich composite when subjected to indentation or
impact loading. Furthermore, cracking between the face skins and core can occur under
indentation or impact loads due to the low interfacial bond strength. Both core crushing and
skin-core cracking can reduce the in-plane properties of sandwich composites, particularly
the compressive strength and fatigue life. A potential solution to the low indentation and
impact resistance of sandwich composites is stiffening and strengthening of the core material

with through-thickness pins.

As mentioned in Chapters 2 and 3, through-thickness reinforcement of the core material can
increase the flatwise compression stiffness, strength and energy absorption of sandwich
composites. For example, Rice et al [4]1] measured an increase of over 2500% to the peak
flatwise compressive strength of a sandwich composite when its core was reinforced with z-
pins. Recent research by Long and Guiqiong [40] has shown that the surface indentation
strength of sandwich composites under quasi-static loading is improved greatly by z-pins.
The large improvements to the compression properties and indentation strength of sandwich
composites suggest that their impact damage resistance may also be increased with through-

thickness reinforcement.

While there is a large body of theoretical and experimental research which proves that the
through-thickness reinforcement of sandwich materials increases the core properties under
quasi-static loading conditions, there is little published work into the impact and dynamic
properties. Vaidya and colleagues [26, 46] experimentally studied the low-velocity impact
response of z-pinned sandwich composites, and found that the z-pins reduced the amount of

damage. Fan and Xioa-qing [108] found that through-thickness stitching of foam core
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sandwich composites also increased the impact resistance. In related studies, Vaidya et al.
[46] and Cartié and Fleck [34] showed that z-pinning was effective at increasing the crush
strength and absorbed energy capacity of sandwich materials under high-speed compression
loading. Despite these studies, much remains unknown about the impact damage resistance
of sandwich composites with through-thickness core reinforcement, including the crush
resistance and damage resistance mechanisms. Furthermore, no information is available on
the post-impact mechanical properties of sandwich composites with through-thickness

reinforcement.

This chapter presents an experimental investigation into the indentation resistance and
impact damage properties of z-pinned sandwich composites. Previous work conducted on the
analytical modelling of the indentation resistance of sandwich composites is compared to
new experimental indentation results. An experimental and theoretical investigation
conducted by Long and Guigiong [40] on the quasi-static indentation of z-pinned foam core
sandwich panels using a spherical indenter reports that the insertion of z-pins can stiffen the
sandwich composite significantly. An approximate theoretical solution is presented using the
principle of minimum potential energy. Experimental indentation results reported in this
chapter are compared to this study and further developed by investigating the effect of

contact area on the indentation of z-pinned sandwich composites.

The effect of z-pins on the impact damage resistance and post-impact mechanical properties
of sandwich composites was assessed for two impact energy regimes that created different
types of damage: low impact energy loading which caused damage to the impacted face skin
only and high impact energy loading which caused damage to both the impacted skin and
foam core. The two types of impact damage are important in the assessment of the impact

performance of sandwich materials because both occur in practical situations.

4.2 SANDWICH MATERIALS AND RESEARCH METHODOLOGY

4.2.1 Sandwich Composites

Indentation and impact tests were performed on unpinned and z-pinned sandwich composite

panels consisting of two face skins of carbon fibre-epoxy laminate covering a low density
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core of polymer foam. Each skin was made using unidirectional prepreg tape (VTM 264)
stacked in a quasi-isotropic ply pattern with a thickness of 2 mm. The core material was
closed-cell polymethacrylimid (PMI) foam (Rohacell Type 71RIST supplied by Evonik
GmbH) with a thickness of 6 mm. The foam had an elastic modulus of 105 MPa,
compressive strength of 1.7 MPa and shear strength of 1.3 MPa when measured at a quasi-
static loading rate. The material was the same as that used to study the flatwise compression

properties as described in chapter 3.

The z-pins used to reinforce the sandwich composite in the through-thickness direction were
pultruded rods of T300 carbon/bismaleimide (Albany Engineered Composites Pty. Ltd) with
a diameter of 0.28 mm and 0.51 mm, used respectively in the impact and indentation studies.
The z-pins were inserted into the sandwich composite using a process similar to the z-
pinning of fibre-polymer laminates, which is described in detail by Mouritz [9] and Chang et
al. [55] and outlined in Chapters 2 and 3. The sandwich composite was reinforced to the z-
pin volume content of 2%, with the pins being arranged in a square grid pattern. The z-pins
were inserted in the orthogonal direction, although the fully embedded pins were inclined
over a range of shallow angles as revealed by X-ray computed tomography and discussed in
Chapter 3. The majority of z-pins were aligned within 5-6° of the orthogonal direction, and
the average offset angle was 2.1°. Theoretical analysis by Long and Guiqiong [40] indicates
that this shallow range of z-pin angles is unlikely to significant change the through-thickness

properties compared to all the pins being perfectly aligned in the orthogonal direction.

After the z-pinning process was complete, the sandwich composite was cured inside an
autoclave at 276 kPa and 120°C for one hour. The laminate face skins were bonded to the
foam core during curing without the use of polymer adhesive. A control sandwich composite
without z-pins was produced under identical conditions as the bench-mark material to assess
the effect of z-pins on the indentation and impact properties. The z-pinned sandwich

structures used in this study are all of the Type I variety as described in Chapter 3.

4.2.2 Indentation Testing

Indentation testing was conducted by applying low-speed compression loads (0.5 mm/min)
using a 25mm diameter hemispherical steel ball and a 25mm diameter steel rod on to the face

skin of the sandwich panels, as shown schematically in Figure 4-1. The panel samples were
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40 mm wide, 40mm long and 10mm thick, and they were indented to about 70% strain (i.e.

to a depth of ~ 7 mm), and four samples of each category were tested.

1Low speed compression

Indenter (steel tup, 25mm diameter)

Skin

Core

(a)

Low speed compression

:

Indenter (steel rod, 25mm diameter)

Skin
Core
(b)
Figure 4-1: Indentation testing on sandwich specimens (a) spherical indenter and (b) cylindrical
indenter

4.2.3 Impact Testing

Impact tests were performed by dropping a 25 mm diameter hemispherical steel tup (1.5 kg)
on to the sandwich composites (Figure 4-2). Impact tests were performed at increasing
incident energy levels up to 50 J, at which point the unpinned and z-pinned composites
suffered extensive damage to the impact face skin and underlying core. The impact machine

was instrumented with a laser photo/diode system to measure the inbound and rebound
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velocities of the tup, and from this the amount of impact energy absorbed by the sandwich

specimens was determined.

Impact

60mm

Figure 4-2: Impact testing

Following testing, the specimens were visually inspected to measure the size and shape of
the impact damage region. Impacted specimens were also inspected using computed
microtomography (SkyScan 1172) performed using an X-ray source voltage of 49 kV and
current of 167 pA. The specimens were rotated through the X-ray beam in 0.2° steps with an
exposure time of 1770 ms. Pixel size of the tomography images was set to 17 pm, and this

gave adequate resolution to identify damage to the z-pins (which were 280 [Im wide).

4.2.4 Post-Impact Compression Testing

The in-plane compression properties of the sandwich composites before and after impact
were measured using the edgewise compression test specified in ASTM C364. The
specimens were 60 mm long, 50 mm wide and 10 mm thick, and they were compressed in
the lengthwise direction at a loading rate of 0.5 mm/min until final failure (Figure 4-3). Five
samples of both the unpinned and z-pinned sandwich composites were tested under identical
loading conditions. High speed photography (X-Stream XS-4) of the sandwich composites
during testing was performed at a frame rate of 5000 per second to identify the failure

process, which occurred within a very short period of time.
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Load

60mm

50mm
~10mm «<—

Figure 4-3: In-plane compression testing

4.3 INDENTATION RESISTANCE OF Z-PINNED SANDWICH COMPOSITES:
RESULTS AND DISCUSSION

4.3.1 Indentation Properties

Figure 4-4 and Figure 4-5 show applied force against normalised displacement curves
measured for the unpinned and z-pinned sandwich composites when indented using a sphere
and cylinder, respectively. Multiple curves are presented for both materials to show the
variability in the results. The displacement values were normalised to the through-thickness
dimension (10 mm) of the sandwich composites. The loading response under a spherical

indenter was similar to that measured by Long and Guigiong [40].

The load-displacement curves show that the indentation stiffness, defined by the quasi-linear
region during the initial phase of loading, was increased significantly by z-pinning.
However, small load drops occurred during elastic loading of the z-pinned sandwich
composite and this is attributed to damage to pins directly under the indentation point. As
reported in chapter 3 for flatwise compression, load drops occur during elastic deformation

of the foam core due to splintering and kinking of some pins.

98



Indentation and impact properties | Chapter 4

35000

--- Unpinned

30000
—2Z-pinned

25000

20000

Load (N)

Core densification and pin j
crushing !

Load drop \ ”
10000

5000

15000

. —————— e = -

e
aETS
-
- =
-

0 0.2 0.4 0.6 0.8

Normalized Displacement

(a)

10000

9000 === Unpinned

——Z-pinned
8000

7000 Load drop

6000

5000

Load (N)

4000

3000

-

2000

1000

0 0.1 0.2 0.3 0.4 0.5

Normalized Displacement

(b)

Figure 4-4: Load-normalised displacement curves for the unpinned and z-pinned sandwich
composites indented by spherical steel tup: (a) full response and (b) elastic-plastic region
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Figure 4-5: Load-normalised displacement curves for the unpinned and z-pinned sandwich
composites indented by a cylinder: (a) full response and (b) elastic-plastic region
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The elastic stress distribution within an isotropic material indented by a rigid sphere or
cylinder can be calculated using Hertzian contact mechanics [109] and is shown
schematically in Figure 4-6. The indentation pressure is highest under the indentation at
point A in Figure 4-6, and is calculated using equation 4-1 and decreases with distance

according to:

4E"
P, = {—}ﬁ [4-1]
37 |R
1 1 B
where, E* = K 4 j +( —Va ﬂ and E, >>E, . [4-2]
El EZ

The internal stress below the indenter is calculated using;
o, =-F, 1+ Z%z )™ [4-3]

This equation can be used to determine the stress field gradient below the indenter. Figure 4-

7 shows the case of the o, field in an isotropic solid having a Poisson’s ratio of 0.26.

Figure 4-6: Two-dimensional representation of the stress distribution within an isotropic elastic
medium subject to indentation loading by a rigid sphere. [110]
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Figure 4-7: o, field in an isotropic solid

Based on this analysis, the z-pins are not uniformly loaded when the sandwich composite is
indented by the sphere or cylinder. Based on the stress distribution it is expected that the z-
pins closest to the loading point will fail first because they are the most heavily loaded, as
shown schematically in Figure 4-8. Pins further away will initially deform elastically,
although with increasing loading the size of the stress field will expand resulting in a greater

number of pins being over-loaded and failing.

Indenter

Skin Core
Broken z-pin

Figure 4-8: Schematic of damage of the z-pins due to non-uniform loading of the sandwich by a
rigid sphere or cylinder.
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The load-displacement curves for the unpinned sandwich material plateau following elastic
loading, and this was due to irreversible (plastic) crushing of the foam core under the
spherical and cylindrical indenters. The load remained constant until a high normalised
displacement value (~0.55 for the sphere and ~0.45 for the cylinder) when the indentation
resistance increased rapidly due to core densification. The z-pinned sandwich composite also
displayed a quasi-static state load response following the elastic regime, although was
subject to small load fluctuations due to discrete pin failure and pin crushing events. Over the
entire displacement range the indentation load was much higher for the z-pinned sandwich
composite compared to the unpinned material. Long and Guiqgiong [40] assume that failure
occurred at the skin-core or pin-skin interfaces during indentation loading, although they did
not attempt to characterise the damage process. From the acoustic emission and x-ray
tomography investigations reported in chapter 3, however, it is known the majority of z-pins
fail immediately following the elastic regime by splitting and microcracking (and not by

interfacial failure).

The indentation stiffness properties for the unpinned and z-pinned sandwich composites are
given in Table 4-1. For comparison, the table also provides the measured stiffness values for
these materials under flat-wise compression (in which the applied force is evenly
distributed). Z-pinning more than doubled core stiffness regardless of whether the sandwich
composite was locally loaded (sphere or cylinder) or uniformly loaded (plate). The
percentage increase in stiffness due to z-pin reinforcement was approximately similar for the
three loading conditions (within the range 100-170%). That is, z-pins were about equally
effective at core stiffening under localised or distributed loading. Also given in Table 4-1 are
the elastic energy absorption values for the unpinned and z-pinned materials, which were
determined from the area under the elastic portion of the load-displacement curve (region
before the curve plateaus). Despite significant scatter in the data for the z-pinned composite,
it is apparent that the percentage increase to the elastic energy absorption due to z-pinning
increases in the order: plate to cylinder to sphere. In other words, the efficacy of z-pins to
increase the elastic energy absorption increases (on a percentage basis) with decreasing load

contact area. The reason for this behaviour is discussed later in the chapter.
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Table 4-1: Indentation stiffness and elastic energy properties of sandwich composites

Stiffness Stiffness % Elastic Elastic
Indenter N/mm N/mm Improvement  Energy Nmm  Energy Nmm
Unpinned Z-pinned Stiffness Unpinned Z-pinned
7610 17106 125% 7 767
Sphere +/- 396 +/- 3094 +/-0.9 +/- 54
41151 110041 167% 29 224
Cylinder +/- 8883 +/- 110 +/-12 +/-54
Flat 135329 279210 106% 43 179
plate +/-7337 +/-52780 +/-3 +/-132

Table 4-2 gives the yield load, plastic energy and total energy values for the unpinned and z-
pinned sandwich composites for the three loading conditions. The yield load is the force
needed to cause irreversible deformation of the foam core; the plastic energy quantifies the
amount of strain energy needed to irreversibly deform the core and was measured using the
area under the loading curve between the normalised displacements for the onset of plastic
deformation and the deformation value before densification which is a normalized
displacement value of 0.4; and the total energy defines the total elastic and plastic energies
absorbed by the material and was determined from the total area under the load-displacement
curve. The yield load of the foam core was increased by z-pinning for the three load
conditions, with the average percentage improvement being 565% for the sphere, 328% for
the cylinder and 132% for the plate. Z-pinning also increased the energy absorption of the
foam core during plastic loading, with the percentage improvement increasing with the
contact area of the indenter (i.e. in the order sphere, cylinder, plate). This trend is the reverse
of the elastic energy absorption were it was found that the percentage improvement due to z-
pinning decreases with increasing loading contact area. Because the energy absorbed during
plastic deformation is much greater than that absorbed during elastic deformation, the
percentage increase in the total absorbed energy due to z-pinning also increases with the

loading contact area.
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Table 4-2: Indentation yield load and energy properties of sandwich composites

Indenter Unpinned Z-pinned % Improvement
Yield Load (N) Yield Load (N)

Sphere 776 +/- 10 5161 +/- 192 565%
Cylinder 1505 +/- 181 6448 +/- 25 328%
Flat plate 3354 +/- 362 7781 +/- 475 132%

Plastic Energy Plastic Energy
(Nmm) (Nmm)

Sphere 645 +/- 38 505 +/- 105 -22%
Cylinder 802 +/-51 1725 +/- 176 115%
Flat plate 1157 +/-68 3567 +/- 431 208%

Total Energy Total Energy
(Nmm) (Nmm)

Sphere 652 +/- 37 1364 +/- 141 109%
Cylinder 831 +/-39 1949 +/- 227 134%
Flat plate 1200 +/-71 3746 +/- 533 212%

This experimental study has proven for the first time that the efficacy of z-pins in the
stiffening and strengthening of foam cores is dependent on the load conditions. The
percentage improvement to the core properties gained by z-pinning are different for local
indentation and distributed loading, and this can be explained via differences in the surface

contact mechanics of z-pinned sandwich composites.

4.3.2 Contact mechanics

The results presented in tables 4-1 and 4-2 show that the percentage improvement to the
sandwich composite properties due to z-pinning is dependent on the type of indenter. The
contact mechanics of indentation have been investigated to explain this behaviour. The
contact area between the spherical and cylindrical indenters and the face skin of the
sandwich composites increases with the indentation depth. (The contact area of the plate, of
course, is independent of the indentation depth). The contact area can be determined by first
estimating the contact radius of the indenter and the sandwich composite, which is shown in

Figure 4-9.
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Indenter

Sandwich
Composite

b — indentation depth a — contact radiis

b + ¢ = diameter, D of indenter

Figure 4-9: Estimating contact radius

Using the contact radius, equations for calculating the elastic contact area for a rigid sphere
and cylinder are:
contact area sphere=m’

contact area cylinder = ma X length of cylinder

Figure 4-10 shows the calculated increase in the contact area with increasing normalised
indentation depth for the spherical and cylindrical indenters as well as the plate. As expected,
the contact area for the sphere is much smaller than for the cylinder and plate, even at high
indentation depths. Using this contact area data, it is possible to calculate the number of z-
pins (based on the pin areal density) that are directly loaded for the three contact conditions.
Figure 4-11 shows that the number of z-pins resisting indentation by the sphere and cylinder
increases with the indentation depth. However, the total number of pins under load by the
spherical indenter is relatively low due to the small contact area. This explains the
dependence of total absorbed energy by the z-pinned sandwich composite on the type of
loading. Table 4-2 shows that the percentage improvement to the total absorbed energy of
the z-pinned material increased in the order of sphere, cylinder and plate. This trend occurs
because the total number of z-pins available to absorb energy (via elastic deformation,

splitting, kinking, crushing) increases with the contact area of the indenter.
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Figure 4-10: Effect of normalized indentation depth on the contact area
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Figure 4-11: Effect of normalized indentation depth on the number of pins

The indentation loading response was analyzed further using an approximate analytical
solution for z-pinned sandwich panels formulated by Long and Guiqiong [40]. The model

assumes the sandwich panel is supported by a rigid base and is compressed using a spherical
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indenter (Figure 4-12). It is assumed the indentation is confined to the region of the face skin
and upper core immediately under the load point. It is also assumed that no bending is
experienced during the indentation process because the sandwich composite is fully
supported by a rigid substrate. In the Figure 4-12, F is the applied load, oy is the indentation
depth, p is the contact radius, and 2R, and 2R, are the lengths of the elastic and plastic
deformation zones in the core, respectively. An approximation is made where the spherical
indenter is regarded as being a flat-nose indenter where the radius then becomes constant,

Ri,, and is assumed to be R;, = 0.4R.

he

\J
L L X

I

Figure 4-12: Quasi-static indentation of a sandwich composite (From Long and Guigiong [40])

Long and Guiqiong [40] report that the plastic work (or absorbed plastic energy) in the

indentation process is defined by:

2

2 4 2 Rpl _Rm ’
Dpl = O'C&ZSP :EO'L_é‘ORm +§O-C§0(Rel —Rm) 1- 1—ﬁ [4-4]

el in
P

w“

o, 1s the collapse stress of the foam core and Ry, is calculated using:
" R, —-R
R, =R, -, /5— e [4-5]
0, R.
O {1 ) }
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0* is the displacement of the foam core, which is controlled by the physical and mechanical

properties of the z-pins according to the expression:

5o oh 7’m'E,d;, + 6400
2 3.2,,2 2
E.cos"w lom'm u’El d, cos@

[4-6]

where E, is the pin modulus, o, is the pin strength, o is the pin inclination angle, 1, is the pin

length and d,, is the pin diameter.
It is assumed that under indentation loading all the z-pins fail at the same time by buckling
(rather than splintering and kinking). Based on this assumption, the pin buckling stress, 6, is

calculated using:

2 2 2
K Epdpcos w

o m’ + 64 /h.” s
! 16u°h° m*7’°E ,d} cos® @

From this the compressive strength of the pin reinforced foam core is determined by:

_ 2
c.=fo,cos” w+o0, [4-8]

where,

E.o
f=rp [4_9]

O, =—""——
E h, cosm
This buckling model is based on the compressive strength model for pin buckling in a foam

core sandwich composite developed by Cartié et al. [34]. (An assessment of this model for

fibrous z-pins is presented in chapter 3).

Equation 4-4 was solved to determine the plastic energy absorbed in the indentation process,
Dy, of the z-pinned sandwich composite. The calculated plastic work defined by a
normalized displacement range of about 0.2 to 0.4 (which is the region after the elastic

regime and before the onset of densification) was much higher than the experimental values,
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which were 89 Nm and 19 Nm respectively. The reason for the large discrepancy is
attributed mostly to an accurate measurement of the size of the elastic region within the foam
core (Rep). Re cannot be calculated, and must be measured experimentally during indentation
testing. However, visually measuring the R value is difficult because it is hard to identify
the exact location of the elastic boundary, as shown for example in Figure 4-13 for a
sandwich composite compressed using a cylinder. Furthermore, determining R, for a
spherical indentation is not possible because indentation occurs in the centre of the specimen,

thus making the elastic region invisible.

Figure 4-13: R, estimate from experiment (cylindrical indentation)

Figure 4-14 shows the theoretical dependence of Dy on R for the z-pinned sandwich
composite calculated using equation 4-4. D, remains relatively constant with increasing Re
up to ~6 mm (which is the thickness of the pin reinforced foam core), and then increases
rapidly in size with larger values of R;. For R values greater than ~6 mm, a small change in
R causes a large change in D;,;. Therefore, the inability to accurately measure R.; means that

small inaccuracies in its measurement result in large inaccuracies in Dy.
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Figure 4-14: D, sensitivity to R, for the z-pinned sandwich composite

The over-prediction of Dy, is also attributed to the invalid assumption that the z-pins fail by
buckling under the indentation load. Chapter 3 discusses the stochastic nature of fibrous pin
failure under compressive loading due to pre-existing flaws and misalignment of the pins.
The z-pins in the sandwich composite failed randomly by splintering and kinking over a
wide range of indentation depths whereas the model by Long and Guigiong assume that all
the pins fail in unison by Euler-type buckling supported by the core acting as a Wrinkler
foundation. The inability of the model to analyse the stochastic failure processes of the z-
pins is almost certainty a contributing factor to its inability to accurately predict the

indentation plastic energy of the z-pinned sandwich composite.

Another factor affecting the accuracy of the indentation model is misalignment of the z-pins
within the foam core (as shown in Figure 3-5). Figure 4-15 shows the dependence of Dy on
the pin offset angle. Based on equation 4-4, D, decreases gradually with increasing pin
offset angle. Given that the average pin angle distribution in the foam core is between 0° (i.e.
perfectly orthogonal) and 14°, whereas the model assumes all the pins are aligned at the same

angle, it is not surprising that the calculated and measured Dy, values are different.
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Figure 4-15: Dy, sensitivity to z-pin offset angle for the sandwich composite

This analysis reveals that the existing model by Long and Guiqiong for calculating the
indentation resistance of z-pinned sandwich composites is not accurate for the material
studied here. An improved model that is capable of analysing for the effects of variable pin
strengths, failure modes and misalignment angles is needed to more accurately predict the
effect of z-pin reinforcement on the indentation response of z-pinned sandwich composites

such as the materials investigated here.

4.4 IMPACT RESISTANCE OF Z-PINNED SANDWICH COMPOSITES:
RESULTS AND DISCUSSION

4.4.1 Impact Energy Absorption Properties

The effect of z-pinning on the impact response of the sandwich composite was quantified
using the following properties: absorbed impact energy, impact damage area, and post-
impact compression properties. This section presents the first investigation into the effect of

impact loading on these properties for z-pinned sandwich composite structures.

Figure 4-16 shows the effect of increasing incident impact energy on the amount of energy

absorbed by the unpinned and z-pinned sandwich composites. The absorbed energy was
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determined by the difference between the incident energy of the impactor immediately
before striking the sandwich composite and the rebound energy shortly after bouncing off the
material. Two distinct impact energy regimes — low and high — are shown in the figure where
the z-pins had different effects on the absorbed energy capacity of the sandwich composite.
The low energy regime occurred when the incident impact energy was below ~25 J, and this
regime was characterised by the unpinned and z-pinned sandwich materials having about the
same impact absorption energy capacity (within the bounds of experimental scatter as

indicated by the error bars).

[ 1 Unpinned sandwich composite
[ Z-pinned sandwich composite

50 low energy regime (<25 J) . high energy regime (>25 J)

n w N
o o o
1 1 1

Absorbed Impact Energy (J)
)
1

L E
0 10 20 30 40
Incident Impact Energy (J)

Figure 4-16: Effect of incident impact energy on the absorbed energy of the unpinned and z-
pinned sandwich composites.
Examination of the sandwich specimens following impact loading up to 25 J (i.e. within the
low energy regime) revealed that damage was confined mostly to delamination cracking in
the face skin and debonding along the skin-core interface, as shown in Figure 4-17. This
figure shows that the amount of delamination damage within the impacted face skin and the
extent of skin-core debonding was less for the z-pinned composite. The smaller amount of
cracking within the face skin was almost certainly due to the higher interlaminar fracture
toughness of the carbon fibre-epoxy laminate due to bridging traction loads generated by the
z-pins [9, 51, 66, 71, 111]. It is well known that bridging traction loads reduce the amount of
impact damage to monolithic laminates reinforced with z-pins [32, 50, 69, 77, 82], and this
study found a similar effect for the laminate skins to z-pinned sandwich composites. The

smaller amount of skin-core debonding in the z-pinned sandwich material is attributed to
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toughening of the interfacial region by the pins. Casari et al. [81] measured a large increase
to the skin-core fracture load (~2 times higher) due to z-pinning of foam core sandwich
composites. The pins generate traction loads across the skin-core interface (as well as within
the skin) that increases the fracture load. This strengthening is believed to have increased the
impact damage resistance of the skin-core interface to the z-pinned sandwich composite
studied here. Figure 4-17 also shows that the core material to both the unpinned and z-pinned

sandwich materials was not damaged significantly when impacted in the low energy regime.

X-ray microtomography revealed that most z-pins within the core were undamaged
following low energy impact loading (Figure 4-18). A small percentage of the z-pins
immediately below the impact point were damaged, and this is consistent with the
observation made in the low-speed indentation that elastic loading of the core can cause
some pins to fail due to the non-uniform stress distribution (Figure 4-6). It appears that under
low incidence impact loads (up to 25 J) the foam core was elastically compressed and

consequently the majority of z-pins were not damaged.

L Damage Length |

1. Damage Length 1

(0)

Figure 4-17: Cross-sectional images of the (a) unpinned and (b) z-pinned sandwich composites
following low energy impact (20 J) which caused skin damage and skin-core debonding. The
debond length between the skin and core is indicated.
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Figure 4-18: X-ray computed tomography image showing damage to the z-pinned sandwich
composite following low energy impact (20 J). The foam core in (a) shows no crushing damage
and the foam in (b) was digitally removed to reveal the z-pins, which are mostly undamaged.

Figure 4-16 shows that in the high impact energy regime (above 25 J) the amount of energy
absorbed by the z-pinned sandwich composite was slightly higher (by an average of ~15%)
than the unpinned material. The sandwich composites suffered crushing to the face skin and
core in the high energy regime, as shown for example in Figure 4-19. The face skin was
delaminated and, at the highest energies (approaching the maximum of 50 J), completely
ruptured. The amount of delamination damage to the z-pinned face skin was less due to the
high interlaminar fracture toughness promoted by the pins [51, 66, 71, 111], however the
impact energy required to rupture the skin is expected to be about the same as the unpinned

skin. Under high energy impact loading the face skin was compressed deep into the
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underlying foam which caused core crushing (similar to that observed under low-speed
indentation at a high depression depth). Microtomography revealed that all the z-pins
immediately under the impact point were heavily crushed whereas many of the pins towards
the edges of the impacted region where broken, as shown in Figure 4-20. The small increase
in the absorbed energy of the z-pinned sandwich composite in the high impact energy regime
was therefore attributed to the additional energy absorbed by breaking and crushing of the

pins.

Figure 4-19: Cross-sectional images of the (a) unpinned and (b) z-pinned sandwich composites
following high energy impact (40 J) which caused core crushing.
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Figure 4-20: X-ray computed tomography image of the z-pinned sandwich composite following
high energy impact (40 J) which caused crushing of the pins under the impact site. The foam
core in (a) shows crushing damage and the foam in (b) was digitally removed to reveal the z-

pins, which are also damaged.

The low-speed compression testing (as reported in chapter 3) revealed that the large increase
to the energy absorption of the sandwich composite was due to strengthening and crushing of
the z-pins. Similarly, z-pinning caused a large increase to the energy absorption under low-
speed indentation by a sphere or cylinder, which again was due to the strengthening effect of
the pins and the high amount of energy needed to break and crush them. It is expected,

therefore, that the small increase to the energy absorption of the z-pinned sandwich material
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under high energy impact loading (above 25 J) was almost certainly due to the energy
absorbed in pin crushing. However, the increase to the absorbed energy capacity under
impact loading (between 5 and 10%) was much less than under low-speed indentation. This
difference is attributed to the short duration of the impact loading event, which was under
several milliseconds. It is believed that the transient nature of the loading event resulted in
less energy being absorbed by the pin and foam core than the continuous loading that occurs

under quasi-static indentation.

4.4.2 Impact Damage Area

The effect of increasing incident impact energy on the size (expressed both as area and
length) of the damaged region in the unpinned and z-pinned sandwich composites is shown
in Figure 4-21. The damage size was measured visually from cross-sections of impacted
samples. The samples were sectioned through the centre using a high speed cutting blade to
observe the maximum extent of impact-induced damage. In addition, damage size was
measured for a few, selected impacted samples using microtomography, and the measured
size was in close agreement with the visual measurements. Figure 4-21 shows that the size of
the damaged region increased with the impact energy for both materials, which is expected.
However, the amount of damage sustained by the sandwich material for all energy levels
(except the lowest of 10 J) was reduced by z-pinning. The increase to the damage resistance
in the low energy regime (<25 J) was attributed to interlaminar toughening of the face skin
and strengthening of the skin-core interface. It is well known that z-pinning reduces the
amount of impact damage to carbon fibre-epoxy (and other) laminate materials due to
bridging tractions generated by the pins [32, 50, 51, 66, 69, 71, 77, 82, 111]. As mentioned,
Casari et al. [81] have shown that z-pinning also increases the fracture strength of the skin-
core interface. For these reasons, it is believed that toughening of the face skin and skin-core
interface by the z-pins resisted the growth of damage in the low impact energy regime. At
the lowest energy (10 J), however, z-pins did not reduce the amount of damage, and this was
attributed to the inability of z-pins to form bridging tractions in either the skin or skin-core
interface. Interlaminar fracture toughness and impact testing of composite laminates has
proven that z-pins cannot promote toughening until the damage size is sufficiently large to
create a bridging traction zone along the crack [51, 66, 71, 111]. Studies performed on
carbon fibre-epoxy laminates containing the same volume content of z-pins (2%) as the

sandwich composite studied here reveal that the damage must be at least 10 mm long to
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promote significant interlaminar toughening by crack bridging [51]. Similarities can be
drawn from this study whereby the sandwich skins are reflective of the crack bridging seen
in laminates. Figure 4-21 shows that at the lowest impact energy (10 J) the damage length
was less than 10 mm, and therefore the cracks in the impacted face skin and skin-core
interface were too short for z-pins to provide toughening. It was only when the impact
damage length was longer than ~10 mm that the z-pins were effective at resisting damage

growth in the low impact energy regime.

The amount of damage sustained by the sandwich composite in the high impact energy
regime (>25 J) was reduced by z-pinning, as shown in Figure 4-21. The improved damage
resistance was attributed to delamination toughening of the face skin, strengthening of the

skin-core interface, and strengthening of the core by z-pins.
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Figure 4-21: Effect of incident impact energy on the size of the impacted damage region for the
unpinned and z-pinned composites.

4.4.3 Post-Impact Mechanical Properties

The post-impact mechanical properties of z-pinned sandwich composites have not been
previously investigated. Therefore, an experimental investigation was conducted into their

post-impact compression properties. The compression stiffness of the unpinned and z-pinned

119



Indentation and impact properties | Chapter 4

sandwich composites without impact damage were virtually identical (i.e. 56.0 and 55.7
MN/m, respectively). This is consistent with studies that show no significant reduction to the
compression modulus of laminates due to z-pinning [112, 113]. Similarly, the ultimate
compression load was not changed significantly by z-pinning; 42.5 kN for the unpinned
sandwich composite and 45 kN for the z-pinned material. However, z-pinning has been
shown to reduce the compressive strength of laminates (typically by 5-20%) due to
microbuckling failure of fibres crimped by the pins [77, 112-114]. The cause for the z-pins
not lowering the compressive strength was investigated using high speed photography (5000
frames per second) of the failure process in the unpinned and z-pinned sandwich composites.
Figure 4-22 shows the sequence of photographs of the two materials taken at intervals of
200™s in the short period leading up to and beyond failure. The failure sequence was the
same for the unpinned and z-pinned composites, and initiated by core shear cracking which
quickly led to out-of-plane buckling collapse. The pins did not suppress core shear cracking,

and consequently the failure mechanism and ultimate load were not changed by z-pinning.

(b)

Figure 4-22: High speed photography (frame rate of 5000 3'1) showing core shear failure of the
(a) unpinned and (b) pinned sandwich specimens under in-plane compression loading
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Figure 4-23 shows the effect of increasing incident impact energy on the in-plane
compression stiffness and ultimate load of the unpinned and z-pinned sandwich composites.
The in-plane compression properties are determined mainly by the properties of the laminate
face skins, and not by the core material. While the post-impact mechanical properties
reduced predictably with increasing incident energy, the post-impact properties of the two
sandwich materials were virtually the same over the entire impact range from low energies
(which caused face skin cracking and skin-core debonding) to high energies (which caused
skin rupture and severe core crushing). While the z-pins reduced slightly the size of the
impact damage region, the results presented in Figure 4-23 show that this does not translate

into an improvement to the post-impact properties.

GOE

4]
o
T
a
B
HH
o
.
L
]
=]

——
0

S
o
T
-
o
—

Post-Impact Stiffness (MN/m)

30
20 | B unpinned sandwich composite
O z-pinned sandwich composite
10 |
0 1 1 I 1 I 1 1 1 I 1
0 10 20 30 40 50

Incident Impact Energy (J)

(a)
50 E
"
40
s I
< i l l I 1
Saof | ol J 1 i
0] "
B L Il ]
B o0t I !
o J M
E
% 10k ®  unpinned sandwich composite
0o o z-pinned sandwich composite
O 1 1 1 1 1
0 10 20 30 40 50
Incident Impact Energy (J)
(b)

Figure 4-23: Effect of increasing incident impact energy on the post-impact (a) compression
stiffness and (b) compression failure load of the unpinned and z-pinned sandwich composites.
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The inability of z-pinning to increase the post-impact properties may be attributed to the
modest reduction in the impact damage area due to the z-pins. The difference in the impact
damage area between the unpinned and z-pinned sandwich composites was relatively small
except over the energy level range of 20-30 J when the indentation damage condition
changed from face skin and skin-core interfacial damage (at below 25 J) to face skin and
core damage (above 25 J). Over this narrow energy range of 20-30 J, it is shown in Figure 4-
21 that the damage area was reduced significantly by z-pinning, and there was a
corresponding increase in the post-impact strength (Figure 4-23b). At energies below 20 J
and above 30 J, the difference in the amount of damage between the unpinned and z-pinned

materials was sufficiently small to not improve the post-impact properties.

4.5 CONCLUSIONS

The indentation resistance of sandwich composites was increased significantly by z-pinning.
The stiffness, yield stress and strain energy absorption of z-pinned sandwich composites
under an indentation load were increases by the z-pins resisting localised core deformation
and crushing. The efficacy of z-pins to increase these properties is dependent on the indenter
geometry and indentation depth. Increasing the load contact area increased the indentation
resistance because of the greater number of pins. The existing model to predict the
indentation energy absorption of z-pinned composites is inaccurate for the material studied
here due to the assumption that z-pins fail via a buckling mechanism while in reality they fail
via fragmentation, splitting and kinking. Also, the model is unable to analyse sandwich
composites reinforced with z-pins of varying strength (due to pre-existing flaws) and
inclined at a range of angles. Therefore, a modified model is required to accurately predict

the behaviour of z-pinned sandwich composites under indentation loading conditions.

Through-thickness reinforcement of foam core sandwich composite structures with
orthogonal z-pins can improve slightly the impact damage resistance. However, z-pins were
only effective when impact-induced cracking within the face skin or along the skin-core
interface was sufficiently large for the pins to create a bridging traction zone and at high
impact energies when large-scale core crushing caused fracture of the pins. Low-speed

indentation testing revealed that z-pin reinforcement was highly effective at increasing the
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through-thickness stiffness, strength and energy absorption of the core. Such large increases
were not achieved in the impact damage resistance and absorbed energy capacity. Despite
the improved impact damage resistance of the z-pinned sandwich composite, its post-impact
compression stiffness and strength properties were similar to the unpinned material. It can be
concluded that z-pins are effective at improving the mechanical properties under a slow
strain rate compression scenarios, however are not as effective in sustaining damage in high

strain rate loading conditions.
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Chapter 5 IMPROVING THE FRACTURE
RESISTANCE OF SANDWICH COMPOSITE
T-JOINTS BY Z-PINNING

ABSTRACT

This chapter presents an experimental and analytical study into the strengthening and
toughening of sandwich composite joints by z-pinning. Cleats connecting the vertical
stiffener and horizontal base panel to T-shaped sandwich joints were reinforced in the
through-thickness direction with z-pins. Tensile (stiffener pull-off) tests revealed that z-
pinning increased the ultimate fracture load and fracture energy by resisting crack growth
along the cleat-skin and skin-core interfaces, which were the weakest points in the unpinned
joint. It was found that z-pinning suppressed large-scale interfacial cracking in the T-joint
due to high bridging traction loads, and this changed the fracture mode to rupture of the skin
panel. Both the fracture load and fracture energy increased with the volume content of z-
pins.

The strengthening and toughening effect of the z-pins was analysed using multiple pin pull-
out tests performed on the sandwich composite panel. It is shown that elastic deformation,
debonding and pull-out of the z-pins from the face skins is the primary toughening
mechanism of the pinned T-joints. The pin pull-out process, which is the cause for the high
strengthening and toughening of the T-joints, was analysed using pin bridging traction
modelling. The mode | bridging law for z-pinned laminates was modified to analyse the pin
traction mechanics for sandwich composites. The revised model was found to accurately
predict the bridging forces generated during elastic stretching and pull-out of the pins from
sandwich materials. A parametric analysis using the traction model for the various z-pin
properties, including pin diameter, modulus, interfacial shear and friction stresses, on the
toughening of sandwich composites was performed. It was found that the z-pin diameter
had the biggest influence on the traction loads. This is the first study that proves z-pinning to
be an effective toughening method for increasing the fracture resistance of bonded
sandwich joints. This chapter also contains the first investigation in the bridging traction law
for z-pinned sandwich materials, which can be used in the design of high toughness joints.
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Part of the research presented in this chapter has been published in the following article:

Nanayakkara, A., Feih, S. and Mouritz, A. P., 'Improving the mechanical properties of
sandwich composite T-joints by z-pinning’, Composite Structures, Volume 96, pp. 207-2015,
2013.

5.1  INTRODUCTION

The joints connecting sections of sandwich panels are often the weakest link in sandwich
composite structures. Various designs are used to maximise the fracture load limit of
sandwich joints, including T-shaped joints, U-channel joints and other bonded fillet designs
as well as bolted connections (e.g. [90-93]), as discussed in Chapter 2. Sandwich joints are
susceptible to interfacial cracking along the skin-stiffener connection and the face skin/core
interfacial region due to their low out-of-plane strength and fracture toughness properties.
The usual method of increasing the interfacial fracture toughness is to use high-strength
adhesive along the joint connections. An alternate approach that may be more effective in the
strengthening and toughening of bonded sandwich joints is through-the-thickness

reinforcement using z-pins, although this method has not been previously investigated.

Numerous research studies have shown that z-pinning is effective at increasing the structural
properties (including the fracture load and toughness) of T-joints, L-shaped joints, stiffened
panels and lap joints made of composite laminates [63, 66, 95-97, 99-101, 115, 116]. Z-
pinning can also promote large increases in the fatigue life of laminate joints by resisting
interfacial cracking between the adherends. For example, Koh et al. [99] recently reported
that the ultimate load and fracture energy of carbon/epoxy laminate T-joints were increased
respectively by up to 75% and over 600% with z-pinning. Chang et al. [95] measured a 40%
increase in the fatigue strength of single lap joints when reinforced with z-pins. The
properties were improved by the z-pins generating bridging traction loads which resisted

large-scale crack growth along the polymer bond-line to the joints.

While the strengthening and toughening of laminate joints by z-pinning has been proven, it is
not known whether pinning will significantly increase the fracture resistance of sandwich
composite joints. The strengthening and toughening provided by z-pins is reliant on the

formation of bridging traction loads along cracks within the joint [9, 63, 66, 95-97, 99, 100,
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115], and it is not known whether the bridging response is different for sandwich composites

due to the foam core and the skin-core interfaces.

In this chapter, the aim is to experimentally determine the effect of z-pinning on the
structural properties and strengthening mechanics of sandwich composite joints. The joint
type examined was a traditional fillet T-joint, which is one of the most common designs for
joining sandwich composite panels. The joint was made with thin face skins of carbon
fibre/epoxy laminate and a thick core of polymer foam, and this sandwich material is used in
aircraft structures. The effect of increasing the volume content of z-pins on the ultimate
fracture load and fracture energy of the sandwich composite joint was determined. Also, the
effect of z-pinning on the development of damage and final fracture of the T-joint was
assessed. The strengthening and toughening mechanics of the sandwich joint were
analytically and experimentally studied using pin pull-out tests which provide key

information on the bridging traction behaviour of z-pins in sandwich materials.

5.2 SANDWICH JOINTS AND EXPERIMENTAL METHODOLOGY

5.2.1 Fabrication of Sandwich T-Joints

The design and geometry of the sandwich T-shaped joint used to assess the effectiveness of
pins to increase the structural and fracture properties are shown in Figure 5-1. The joint was
constructed using two flat sandwich composite panels which formed the base and stiffener,
and they were joined using two L-shaped laminate cleats. The cleats and face skins to the
sandwich composite (base and stiffener) were made using eight plies of T700 carbon/epoxy
prepreg (VTM264) arranged in a cross-ply stacking sequence [0/90/0/90];. The core material
used in the base and stiffener panels was a closed-cell polymethacrylimid (PMI) foam
(Rohacell Type 71RIST supplied by Evonik GmbH), which is the same core material used in
the sandwich composites studied in chapters 3 and 4. The z-pins used were 0.28 mm
diameter rods of pultruded T300 carbon/bismaleimide (Albany Engineered Composites Pty
Ltd.).
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Figure 5-1: Schematic of the design and dimensions of the sandwich T-joint used in the
structural pull-off test. The region that was reinforced with z-pins and the direction of applied
loading is indicated in (a).

The T-joint manufacturing process involved several steps which are shown sequentially in
Figure 5-2. The first step involved the fabrication of the base and stiffener panels. The
stiffener skins were prepared separately and debulked on to the core to create the stiffener
sandwich panel. The base sandwich panel was created in the same way whereby the skins
were prepared and debulked on to the core material. However, with the base panel, one 0" ply
(from the bottom skin) was left out of the process to be applied after the z-pinning process

was completed.

127



Reinforced sandwich T-joint properties | Chapter 5

Following preparation of the base and stiffener panels, the cleats were prepared on a pre-
manufactured tool that was shaped to the required dimensions of the sandwich T-joint (as
shown by step 2 in Figure 5-2. Plies were laid-up on the right angle tools (left and right) in a
cross-ply stacking sequence to create the cleats. The cleats were then mounted upside down
with the stiffener panel positioned in-between the cleat tool and secured using clamps. The
base panel was then positioned on top of the assembly and joined to the cleats and stiffener.
The local regions where the cleats, stiffener panel and base panel connect were filled with
unidirectional prepreg to avoid the formation of weak resin-rich zones. Adhesive was not

used to aid the bonding of the joint components.

Once the sandwich T-joint structure had taken shape and mounted securely, the z-pinning
process was performed. The z-pins were inserted from the bottom surface of the sandwich T-
joint. The bottom surface was first covered using protective film and a pre-cut panel of z-
pins in preform was placed on the region requiring z-pinning and secured in place using
adhesive tape. The pins were inserted using the Ultrasonically Assisted Z-Fiber® (UAZ®)
process (described in Chapters 2 and 3), which basically involved driving the pins from a
foam carrier preform into the uncured sandwich joint using high frequency (20 kHz)
ultrasonic vibrations. The z-pins were inserted through the entire thickness of the horizontal
section of the cleat and the sandwich base panel. Any excess length of pin protruding from
the base of the sandwich T-joint is shaved off, resulting in the leading tip of the pin, which
was forced into the sandwich material, being chamfered to ease the insertion process whereas
the trailing end of the pin was blunt, as shown in Figure 5-3. Therefore, the bottom surface of
the T-joint base panel consisted of blunt z-pin ends. Once the bottom surface of the base
panel of the sandwich T-joint was cleaned post-z-pinning, the final 0" ply was laid up. The z-
pinned sandwich panel was bonded by co-curing inside an autoclave operated at an
overpressure of 276 kPa and temperature of 120 C for one hour (step 4). The geometry and

fabrication of the unpinned T-joint was identical to the z-pinned joints.

The sandwich T-joint was reinforced with a low (0.5%) or high (2%) volume content of pins.
Attempts were made to reinforce the joint with 4% z-pins, although the z-pinning device
lacked sufficient power to insert the pins all the way through the base panel and cleats.
Control T-joint specimens with no pins were prepared as the control to bench-mark any

property improvement gained by z-pinning.
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Step 3 Z-pinning of the assembled cleats, stiffener panel and base panel.

Step 4 T-joint co-cured in the autoclave. (Tooling is shown in black).

Figure 5-2: Manufacturing process of a z-pinned sandwich T-joint
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Figure 5-3: (a) Chamfer to the pin tip. (b) The pins in the sandwich composite (and base of
sandwich T-joint) were all chamfered within one face skin and blunt in the other skin.

5.2.2 Structural Testing of Sandwich Joints

The structural properties of the unpinned and pinned sandwich T-joints were measured by
applying a pull-off load parallel with the stiffener (as indicated by the arrow in Figure 5-4
and Figure 5-5) until final fracture, which is the catastrophic failure of the joint with multiple
broken sections. The ends of the base panel were rigidly clamped, leaving an unrestrained
length of 150 mm between the clamps. A tensile force was applied to the stiffener end using
a 50 kN Instron loading machine operated at a constant displacement rate of 1 mm/min.

From these tests the peak fracture load and fracture energy of the T-joints were measured.
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Six specimens of each type of T-joint were tested under identical conditions to assess the

variability in the fracture properties.

Sandwich
T-joint

Clamp

Sandwich
T-joint

Clamp

(b)

Figure 5-4: Structural testing of sandwich T-joints: (a) before testing and (b) final failure

5.2.3 Pin Pull-Out Tests on Sandwich Flat panels Composites

Multiple pin pull-out tests were performed on flat panels of the sandwich composite
structure, as shown schematically in Figure 5-5. Specimens were manufactured using the z-
pinning method outlined in Chapter 3. These tests were performed to determine the bridging
traction load and traction fracture energy generated by a single pin under mode I loading,
which is similar (but not identical) to the tensile loading on the pins along the cleat-base
panel connection in the structural pull-off tests performed on the sandwich joints. The pins in
the joint experienced mixed mode I/Il interlaminar loading as opposed to pure mode I

interlaminar loading as will be discussed later.
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Figure 5-5: Pin pull-out tests on flat sandwich panels: (a) Specimen geometry and (b) test in
progress.

The pin pull-out test specimen (measuring 40 mm x 20 mm) was reinforced with the same z-
pins used in the joints. The entire area of the specimen was reinforced with about 80 or 260
z-pins, which is equivalent to the low and high volume pin contents, respectively. A tensile
load was applied normal to the face skins of the sandwich composite at a displacement rate

of 1 mm/min to final failure. Pull-out tabs were bonded to the face skins of the specimen
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using a high strength epoxy (Araldite 420). The measured load was divided by the total
number of z-pins in the sandwich sample to determine the average traction load generated by
each pin. Three samples of the sandwich materials reinforced with the low and high pin

contents were tested under identical conditions.

5.3 RESULTS AND DISCUSSION

5.3.1 Structural Properties and Fracture of Z-Pinned Sandwich Joints

Figure 5-6 presents typical applied load-displacement curves for the unpinned and z-pinned
sandwich joints measured in the tensile pull-off test. The curves are characterised by multiple
load spikes caused by progressive fracture of the joints, although the loads sustained by the
z-pinned joints were higher over most of the displacement range up to final failure (which is

the complete failure of the joint occurring at the displacement of 45-50 mm).
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Figure 5-6: Representative load displacement curves for unpinned sandwich T-joint, T-joint
reinforced with 0.5% z-pins and T-joint reinforced with 2% z-pins.
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Using these curves the joint stiffness’s, peak fracture loads and fracture energies of the joints
were determined. The joint stiffness was calculated by determining the slope of the elastic
region of the graph. Figure 5-7 shows the effect of z-pin content on the stiffness of the
sandwich T-joint. It can be seen that stiffness increased steadily with increasing volume
content of z-pins. The increase in stiffness may be caused by a stiffening of the base to the
sandwich joint when z-pinned. The z-pins are expected to increase the shear modulus of the
foam core which in turn will increase the flexural modulus of the sandwich material used for

the base panel.
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Figure 5-7: Effect of z-pin content on the stiffness of the sandwich T-joint.

The fracture load was defined by the maximum load sustained by the T-joint before final
failure, and the fracture energy was determined from the total area under the applied load-
displacement curve. It was found that increasing the z-pin content increased the peak fracture
load and fracture energy, as shown in Figure 5-8, and at the highest pin content these
properties were raised by an average of ~20% and over 50%, respectively. However, there is
significant scatter in the measured property values, particularly for the 0.5% z-pinned joint,

and the cause of this variability is discussed later in this chapter.
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Figure 5-8: Effect of z-pin content on the peak fracture load and fracture energy of the
sandwich T-joint. The percentage values show the average increase to the fracture properties
of the pinned joints relative to the unpinned (control) joint.

Z-pinning also changed the damage and fracture mode of the T-joint. The unpinned joint

initially failed by core cracking within the stiffener panel which was immediately followed

by skin-core debonding in the base panel. Final fracture occurred by delamination cracking

along the bonded interface between the cleat and base panel. This sequence of damage

events occurred at increasing displacement values as indicated in Figure 5-9 and is shown in

Figure 5-10 and Figure 5-11.
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Figure 5-9: Typical load-displacements curves for the unpinned and z-pinned T-joints. The

labels indicate when photos of the joints specimens shown in Figure 5-10 and Figure 5-11 were

taken.
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Figure 5-10: Failure of unpinned sandwich T-joint. The points labelled UP1 - UP4 are
indicated in the load-displacement curves in Figure 5-9 when the photos were taken.

Figure 5-11: Failure of 2% z-pinned sandwich T-joint. The points labelled P1 — P5 are indicated
in the load-displacement curve in Figure 5-9 when the photos were taken.
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The z-pinned T-joints also initially failed by core cracking in the stiffener (which was not
pinned), however skin-core debonding was arrested by the pins and cleat fracture did not
occur. This represents a major change in the fracture behaviour of the joint due to pinning.
The pinned joints fractured by skin rupture in the base panel, as shown in Figure 5-11. The
strengthening and toughening mechanics responsible for the increases to the peak fracture
load and fracture energy and the change to the fracture mode of the pinned joints were

investigated by pin pull-out tests on the sandwich composite.

5.4 BRIDGING TRACTION PROPERTIES OF Z-PINS IN SANDWICH
COMPOSITES

Figure 5-12 presents three examples of traction load-crack opening displacement (extension)
curves for a single z-pin within the sandwich composite under through-thickness tensile
loading. The curves were measured using the multiple pin sandwich specimens illustrated in
Figure 5-5, with the traction load being the average force acting on a single pin (which is the
total force divided by the number of pins in the specimen). The through-thickness tensile
load applied on the pin pull-out specimens was similar to that experienced by the z-pins in
the sandwich joints, although the pins along the cleat/skin bond-line also experienced an

interlaminar shear stress induced by bending of the skin panel (i.e. mixed mode I/I loading).

The traction load curves in Figure 5-12 are similar in profile to those measured for laminates
[17-19], and characterised by an initial elastic response of the pin followed by a sudden and
large load drop, and then a more gradual load drop with increasing crack opening
displacement to final failure. The initial linear increase in the traction load curve is due to
elastic stretching of the z-pin, the large load drop is due to debonding of the pin from the
sandwich material, and the gradual load drop is due to the loss in interfacial friction force as

the pin is pulled out from the material.

While the profiles for the traction load-extension curves were similar for the z-pinned
sandwich materials, there were large differences between nominally identical specimens.
Figure 5-12 shows three curves measured for the sandwich composite test under the same
conditions. While the profiles of the curves are the same, there is significant scatter and the

cause of this is discussed later.
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Figure 5-12: Traction load-extension curves for a single z-pin within three samples of the
sandwich composite tested. The three stages of pin response to the loading are indicated.

The load reaction of a single z-pin under an applied tensile load during the elastic phase (i.e.
before debonding and pull-out) is shown in Figure 5-12. The traction load generated by a z-
pin within a sandwich composite can be estimated using a modified form of the mode I
bridging traction laws for pinned laminates [20,21]. The elastic load generated by a z-pin up
to the ultimate load point is due mainly to interfacial shear stress transfer across the bonded
pin-sandwich composite interface, which includes the two face skins and core. The elastic
load (P) is a function of the crack opening extension () up to the ultimate load point (Pu.y)

according to the following equation and illustrated in Figure 5-13:

P

elastic

(S(n)=2(z 7 h, )+ (7.7 h, ) P

elastic — © max

[5-1]

The first and second terms represent the elastic traction loads generated by the interfacial
shear stress between the z-pin and the two face skins and the z-pin and core, respectively. ,
is the interfacial shear strength between the z-pin and face skin, 7, is the interfacial shear
strength between the z-pin and core, d, is the pin diameter, and A, and h. are the original
length portions of the z-pin in the skins and core, respectively. It is assumed with equation 5-

1 that the z-pin is perfectly orthogonal and fully bonded to the face skins and core. It is also
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assumed the residual cure stresses within the face skins do not alter the interfacial shear

strength.
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Figure 5-13: Traction stresses acting along the pin-sandwich composite interface under a
through-thickness tensile load.

The interfacial shear stress generated at the pin-face skin interface is assumed to be much
greater than the shear strength of the pin-foam core interface (z; >> 7.). This is because the
contact area between the z-pin and laminate skins is much greater than the area between the
pin and core due to the porous cellular structure of the polymer foam. Therefore, the
influence of the interfacial shear stress between the z-pin and core on the traction load can be

ignored and equation 5-1 reduces to:

P

elastic

(6(h)) =~ 2.7,71d b, [5-2]

The displacement is a function of the skin thickness (4;) according to Jain [117]:

5(hs):{h—£ln(hxr+lﬂ{l+hxr} [5-3]
r h, h,
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where r is the tensile extensibility ratio of the z-pin, which equals [117]:

ArEy [5-4]

where A; and E; are the cross-section area and axial Young’s modulus of the z-pin,

respectively. H, is the half-thickness of the sandwich composite.

The sudden drop in the traction load and then the further (more gradual) reduction in load
with increasing crack opening displacement beyond the ultimate load point is due to
debonding and pull-out of the z-pin, respectively. The traction load during the pull-out phase
arises from friction stress generated between the z-pin and sandwich composite structure.
When it is assumed that z-pin pull-out occurs along the mid-plane of the sandwich material
(i.e. along the centre-line of the foam core as illustrated in Figure 5-14), then the bridging

traction load can be calculated using:

Ppull—out(é‘(s)) = 2(H3 - S)Tf(s)wp + (HC - S)Tf(c)ﬂdp [5—5]

It is assumed for this equation that the pull-out process of the z-pin is symmetric along the
mid-plane of the core where tensile failure is considered to occur. The first term is the z-pin
pull-out traction load caused by friction between the pin and two face skins while the second
term is the traction load generated by sliding friction between the pin and core. H; and H, are
the half-thickness values of the skins and core, respectively. 7(s) and t/c) are the friction

stress between the z-pin and face skins and the z-pin and core, respectively.
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Figure 5-14: Z-pin pull-out along the mid-plane of the sandwich material (centre-line of the

foam core)

The crack opening displacement during pull-out is a function of the slip length (S) of the pin

according to Jain [117]:

5(s)= {HC A, 1n((HCH;S)r+1H[1 +M} [5-6]

Equation 5-5 is valid when the sandwich composite breaks under tensile loading along the
mid-plane of the core, and then the pin pull-out process occurs symmetrically from the two
fractured halves of the material as shown in Figure 5-14. During pin pull-out testing,
however, it was observed that this failure mode did not occur, and instead failure occurred at
the interface between one of the face skins and foam core, as shown in Figure 5-15. The
majority of the z-pins were completely pulled-out from one face skin whereas pin pull-out
did not occur from the other skin. The pins were always completely pulled-out from the face
skin containing the chamfered tip (Figure 5-3), and presumably failure occurred here because
of the lower interfacial contact area between the pin and skin than at the opposite end where

the pin was blunt (resulting in higher contact area).
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Figure 5-15: (a) Pin pull-out specimen which failed along the skin-core interface resulting in pin
pull-out from the face skin. Shown are the z-pins remaining in the core and lower face skin after
the upper skin has been pulled-off. (b) Schematic of the pin pull-out process from the sandwich
composite.

When this failure mode occurs and when it is assumed that the interfacial friction between

the z-pin and skin is much higher than between the pin and core (i.e. 75 >> 14()), then

equation 5-5 can be reduced to:

Ppull—out (§(S)) = (Hs - S}rf(s)ﬂdp
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The above is the first model to analyse the mode I bridging traction laws for z-pinned
sandwich composites (based on the bridging mechanics of z-pinned laminates). Equations 5-
2 and 5-7 were used to calculate the mode I bridging traction load due to elastic deformation
and pull-out of the z-pin, respectively. Figure 5-16 compares the calculated bridging traction
load curve for a single z-pin against an experimental curve when the analysis assumes that
the pin is aligned in the orthogonal direction in the sandwich composite. The analysis gives a
good prediction of the elastic bridging load, although the prediction of the pull-out load with
increasing extension is less than the measured pull-out loads. One reason for the larger
extension values in the experiment is due to some twisting motion which arises from the

pull-out tabs not being perfectly aligned or parallel with the load direction.
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Figure 5-16: Comparison of the calculated and measured pin traction load-extension curve.
The calculated curve assumes that the pin is perfectly orthogonal. Note the calculated curve is
less than the measured curve during the pin pull-out phase.

An important factor influencing the pull-out traction load is the initial misalignment of the z-
pins within the sandwich composite. The analysis (equations 5-1 to 5-7) assumes that the z-
pin is perfectly orthogonal, although as discussed in chapter 3, most of the pins were offset
over a range of inclined angles from the orthogonal direction. The offset of the z-pins will

induce snubbing, which is the lateral deflection of the pin into the face skin as shown
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schematically in Figure 5-17. The snubbing force increases with displacement as the skin
resists deformation by the z-pins, and the mechanics of snubbing have been analysed for
monolithic laminates under mode II interlaminar loading by Cox [74]. Snubbing increases

the friction stress opposing pin pull-out from the skin.

Skin Snubbing@

Z-pin
Core

Skin

Figure 5-17: Snubbing process of offset z-pins in a sandwich composite under pull-out loads.
The three pin angles represent the progressive straightening of the z-pin with increasing load.

Cartié and Fleck [71] report that the traction load for an inclined pin within a laminate during

the pull-out phase is calculated using:

47d
P@)== " -5y, +z27.,)

[5-8]

where z, is the length of the pin deflected into the face skin (and is assumed to be 0.1H,) and
7e(s) is the enhanced friction shear stress due to snubbing of the pin within the face skin.
Cartié and Fleck [71] suggest that z.(s) is between 3 and 10 times higher than s (i.e. the pull-
out friction stress for a perfectively orthogonal z-pin for a carbon-epoxy laminate). The
offset angle is assumed to be 2.1° which is the average pin offset angle recorded for the 2%

thin pin volume content category.
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When the bridging traction load generated by pin pull-out (described mathematically by
equation 5-7) and the effect of snubbing friction stress (equation 5-8) are combined, then an
equation can be derived to analyse for the effect of snubbing on the pull-out traction load of

a single pin from one face skin:

P O(S))=md, H%S;Z”}rf + ZOTe:| for 0<S<z, [5-9a]
where

PoirouOS) = H, =S)epml, ¢ oo [5-9b)]
P ouB(S)=0 (1 [5-9c]

Equation 5-9a is valid for the range where the slip length of the pin (S) is between 0 and z,,
which is the active snubbing zone due to the pin inclination angle and is the pull-out region
of the pin within the skin. A schematic of the pin pull-out process is depicted in Figure 5-18
showing the regions of slip length (), pin length deflected in the skin (z,), and skin thickness
(H). Once S exceeds the length of z,, snubbing is no longer experienced by the pin and
equation 5-9b can be used to calculate the traction load in the pull-out phase. When the slip
length of the pin reaches H, the traction load drops to zero because the pin has completely

pulled-out from the skin.

Figure 5-19 shows calculations of the effect of friction snubbing stress on the pull-out
traction load for a z-pin from the face skin of the sandwich composite. It was assumed that
the depth of the snubbing zone was 0.1 mm, which is based on measured values for pins
within a carbon-epoxy laminate under pure mode II loading [54]. It was also assumed that
the pin offset angle was 2.1°, which is the average angle measured for the highest pin content
(2% by volume). The different stages of the pin pull-out phase (represented by equations 5-
9a to 5-9c) are calculated for a range of friction snubbing stresses; 7, was assumed to be two,
three and five times higher than z;, which was 6.8 MPa. Figure 5-19 shows that a value in the
range of 7, = 37y to 5t gives a good estimate of the pull-out traction load with increasing

crack opening displacement.
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Applied Load

Figure 5-18: Schematic of pull-out process for a pin inclined at an angle (¢) from the orthogonal
direction. Adapted from Cartié et al. [71]
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Figure 5-19: Comparison of the calculated pin traction load-extension curves and a measured
curve. The calculated curves consider different magnifications of the enhanced friction
(snubbing) stress caused by offset of the pin from the orthogonal direction.
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The traction load analysis provides important insights into the causes for the variability in the
mode I traction load response of the z-pins when pulled-out from the sandwich composite (as
shown in Figure 5-19). For example, the analysis reveals that small variations in the z-pin
offset angle can induce significant changes in the traction load generated during the pull-out
phase. Another important factor contributing to the variability is debonding between the z-
pins and face skins. Z-pins do not always fully bond to carbon fibre-epoxy laminates during
the cure process, and cracks often exist along the interface between the pin and laminate. For
example, Figure 5-20 shows radial and axial interfacial cracking within a z-pinned
composite. These cracks are formed during the cool-down phase of the curing process when
thermal stresses are generated due to the mismatch in the coefficients of thermal expansion

of the z-pins and laminate.

Barrett [118] and Sweeting and Thomson [60] have shown via finite element analysis that
the magnitude of the residual stresses can exceed the interfacial failure stress, resulting in
cracking. It is important to note, however, that complete debonding of the z-pins rarely
occurs, and instead partial cracking of the pin-laminate interface is more common. Chang
[54] found that the amount of interfacial cracking varies significantly between z-pins, and
this is due presumably to local variations in the residual stress due to the heterogenous
microstructure of the laminate. The maximum traction load and the magnitude of the load
drop immediately following the peak load is determined by the force needed to completely
debond the z-pin from the laminate. Interfacial cracking will lower the maximum traction
force and the subsequent load drop and differences in the amount of cracking between z-pins
will induce variability in these two traction properties. For these reasons there were
significant differences in the mode I traction load-displacement curves for the z-pinned
sandwich composites, and similar behaviour has been reported for z-pinned laminates for the

Same reasons.
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(b)

Figure 5-20: Photographs showing (a) radial interfacial cracking around a z-pin and (b) axial
interfacial cracking along a z-pin in a carbon fibre-epoxy laminate. From Chang [54].

5.5 PARAMETRIC STUDY OF THE MODE 1 BRIDGING TRACTION
PROPERTIES OF Z-PINNED SANDWICH COMPOSITES

The fracture process of the z-pinned sandwich joint specimens (shown in Figure 5-11) is
more complicated than the failure process of the pin pull-out specimens under pure mode |
loading. The fracture process of the z-pinned joint involved multiple damage modes,
including centre-line splitting along the stiffener, core cracking within the skin, and skin-core

interfacial cracking within the face skin. In contrast, the failure of the pin pull-out specimens
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simply involved fracture along the skin-core interface. Despite these differences, the pin
traction loads and traction energies can be used to qualitatively assess the strengthening and
toughening effect of z-pins to sandwich T-joints. Based on the pin traction analysis, the peak
fracture load and fracture energy of a z-pinned sandwich joint should increase with the
volume content of pin, and this was proven by experimental testing of the joints. The
analysis also revealed that following the onset of pin pull-out in the T-joint specimens, the
snubbing effect induced by the pins being at inclined angles provides significant
strengthening (high traction load) and toughening (high traction energy). The offset of the
pin alignment from the orthogonal direction, which was inadvertently caused during

manufacture, has a beneficial effect of the joint properties as the pins failed by pull-out.

The z-pin traction analysis reveals that the structural properties of the sandwich joints under
stiffener pull-off loading should increase with (in addition to the volume content of z-pins)
the diameter and inclination angle of the pins as well as the thickness of the face skins.
Therefore, several approaches (e.g. z-pin content, z-pin diameter, z-pin angle, skin thickness)
can be used in isolation or in combination to strengthen and toughen sandwich T-joints by

pinning.

In light of the previous analytical study of the z-pin pull-out process in a sandwich composite
structure, a further study was conducted to investigate the effect of individual pin properties
on the mode I bridging traction properties. Using the pin traction model, a parametric
analysis was performed into the influences of the Young’s modulus (E,) and diameter (d) of
the z-pins and the friction stress (zy) and shear strength (r) of the z-pin/sandwich skin
interface. The analysis was performed assuming that the z-pins were perfectly orthogonal

and fully bonded to the sandwich material.

Figure 5-21 shows the effect of z-pin modulus on the bridging traction load response. The z-
pin modulus was varied from negative 20% to a positive 40% of the original pin modulus,
which is 140 GPa. This range was selected as representative of the typical variation in the
elastic modulus of fibrous z-pins due to changes in the type of carbon fibre or the carbon
fibre content of the pins. It was found that changing the z-pin modulus does not have a
significant effect on the bridging traction load. This implies that reinforcing sandwich T-
joints with high stiffness z-pins will not induce a significant strengthening effect from the

traction loads that are generated during the fracture process.
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Figure 5-21: Effect of z-pin modulus on the bridging traction load-extension response for the
sandwich composite
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Figure 5-22: Effect of z-pin diameter on the bridging traction load-extension response for the
sandwich composite
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Figure 5-22 shows the calculated effect of z-pin diameter on the traction load response. The
parameteric analysis was performed for a range of z-pin diameters ranging from 0.14mm to
0.56mm. It was found that the traction stiffness, maximum elastic load and frictional pull-out
load were dependent on the pin diameter. These properties increased with the z-pin diameter
due to the increased interfacial contact area with the sandwich composite which reduced the
interfacial shear and frictional stresses during pin loading. Therefore, increasing the z-pin
diameter should be an effective method for strengthening and toughening sandwich T-joints.

However this needs to be verified experimentally.

Figure 5-23 shows the variation in pin traction loads with varying the shear strength and the
frictional stress between the z-pin/sandwich skin interfaces, with and without snubbing.
Figure 5-23a considers the complete pull-out process and Figure 5-23b considers the effect
of snubbing in the pull-out region only. It can be seen that both parameters, shear strength
and frictional stress were varied a negative 10% and a positive 10% and 20%. When the
snubbing effect was ignored, the traction load shows a linear increase in the elastic region.
The debonding traction load, just before pull-out, shows an increase but the load still
converges to the thickness of the skin which is 2mm, supporting the theoretical model where
extension cannot exist beyond the thickness of the skin from which the z-pin is pulling-out.
With the inclusion of snubbing, the pullout phase shows an increase in the traction loads
where the slip length, S, is between 0 and the active snubbing zone z0. The experimental
traction loads show agreement with the theoretical 10% and 20% increase in the shear and

frictional stresses.
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Figure 5-23: Effect of interfacial shear and frictional stress on the bridging traction load-

extension response for the sandwich composite

This parametric study reveals that the mode I traction loads are most sensitive to z-pin
diameter, less sensitive to the shear and frictional stresses, and insensitive to the z-pin
diameter over the range of values that were analysed. This is similar to the analytical study
conducted by Koh et al. [70] which revealed a similar influence of z-pin diameter and shear
and frictional stresses on the pull-out mechanics of z-pinned laminates. Due to the main
failure mode of skin-core debonding, the bridging traction mechanics of z-pinned sandwich
composites can be treated like a laminate. Any other failure mechanism would mean a
modification of the analytical model. However, the study conducted in this chapter has
concluded via theoretical and experimental validation that the pull-out behaviour of z-pin

embedded in a sandwich composite can be predicted.

5.6 CONCLUSIONS

Through-thickness reinforcement of the T-shaped sandwich composite joints with z-pins
increased the peak fracture load and fracture energy. The improvement to these properties

increased with the volume content of z-pins, and at the highest (but still modest) content of
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2% that was studied the fracture strength and fracture energy were increased by about 20%
and over 50%, respectively. The fracture load increased with the z-pin content due to an
increase in the traction load generated during elastic stretching and frictional pull-out of the
pins. The high amount of energy absorbed by the z-pinned joints during elastic deformation
and pull-out of the pins was partly responsible for the large increase to the fracture energy.
The offset of the z-pins from the perfectly orthogonal direction (due to a lack of precise
control of the pinning process) made a significant contribution to raising the pull-out friction
stress and thereby the fracture energy to the joint. A mode I bridging traction law was
formulated for z-pinned sandwich composites, which was based on the bridging mechanics
of pinned laminates. The traction mechanics analysis revealed that the fracture resistance of
T-joint can be improved by increasing the pin diameter, although this remains to be verified
by experimental testing. The improvements to the structural properties of the joint due to z-
pinning was accompanied by a change to the fracture mode; from bond-line delamination
cracking for the unpinned joint to skin fracture (due to suppression of large-scale bond-line
cracks) in the z-pinned joints, which demonstrates the high toughening effect of pin

reinforcement.
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Chapter 6 MAJOR CONCLUSIONS AND
FUTURE WORK

6.1 COMPRESSION PROPERTIES OF Z-PINNED SANDWICH COMPOSITES

This PhD project has conducted an original and extensive research study into the
mechanical properties of sandwich composites and bonded sandwich joints reinforced
with z-pins. Z-pinning was shown experimentally to be an effective method for increasing
the through-thickness compression properties of foam core sandwich composite
structures. The compression modulus, strength and absorbed strain energy capacity were
improved by z-pin reinforcement of the foam core. It was discovered that these
compressive properties increased rapidly with the volume fraction of z-pins; and that only
a small amount of pins (under 4%) is needed to improve the properties by several hundred

percent.

In addition to investigating the effect of z-pin content, this project also investigated the
effects of the diameter and the end restraint condition (built-in column or simply
supported column) of z-pins on the through-thickness compression properties. Testing and
analysis revealed that the improvement to the properties are controlled strongly by the z-
pin content, and are not influenced significantly by the pin diameter (for the two sizes

studied) or the pin end constraint (for the two conditions studied).

This PhD project characterised in detail the failure mechanisms of fibrous z-pins in
sandwich composites under compression loading utilizing NDT technologies such as x-
ray computed tomography and acoustic emission. It was found that fibrous z-pins fail
during both elastic and plastic deformation of the foam core via a complex process
involving splintering, kinking and fragmentation. It was also found that even after the z-
pins have failed they retain significant load-bearing capacity because the foam core
behaves as a Winkler elastic foundation which allows stress transfer with the damaged
pins. Also, fractured ligaments of the z-pins are pressed into the foam core under

increasing compressive strain which further strengthens the sandwich material.
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Data and observations obtained from the experimental research were used to validate and
assess the numerical accuracy of existing mechanical models for z-pinned sandwich
composites. It was shown that existing models for calculating the through-thickness
compression properties were not accurate for the type of z-pinned sandwich composite
studied in this project. The models failed to accurately capture the complex strengthening
mechanisms and failure modes of fibrous z-pins. The models used to calculate the
through-thickness stiffness and strength assume crushing or buckling of the z-pins, which
did not occur within the sandwich composites. The models do not account for the
splintering and kinking of z-pins, and therefore a new model based on pin kinking was
proposed to more accurately calculate the through-thickness compression strength of

sandwich composites reinforced with fibrous z-pins.

6.2 INDENTATION AND IMPACT PROPERTIES OF Z-PINNED SANDWICH
COMPOSITES

This project investigated the indentation resistance of z-pinned sandwich composites. The
stiffness, yield stress and strain energy absorption properties under indentation loading
were increased by the z-pins resisting localised deformation and crushing of the foam
core. It was also found the effectiveness of z-pins to resist core indentation was dependent
on the geometry of the indenter and the indentation depth. The indentation resistance
increased with the load contact area due to an increased number of z-pins resisting the

indentation load.

This PhD project assessed the accuracy of an existing model for calculating the
indentation energy of z-pinned sandwich composites. The model was shown to be
inaccurate for the z-pinned sandwich material investigated in this study due to the

incorrect assumption that z-pins fail by buckling.

An experimental study into the impact properties revealed that z-pins can improve (albeit
slightly) the impact damage resistance of sandwich composites. Z-pins were only
effective at improving the impact damage resistance when impact-induced cracking
within the laminate face skin and along the skin-core interface were sufficiently large for
the pins to create a large-scale bridging traction zone. The traction loads generated by the

z-pins resisted delamination cracking within the skin as well as cracking along the
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interfacial region between the impacted skin and foam core. Despite the reduced amount
of impact damage, the post-impact compression stiffness and strength properties
measured in the in-plane direction were similar for the unpinned and z-pinned sandwich
composites. Based on this work, it appears that z-pinning is not a highly effective method
for increasing the impact damage resistance and post-impact compression properties of

sandwich composites.

6.3 MECHANICAL PROPERTIES OF Z-PINNED SANDWICH COMPOSITE
T-JOINTS

This PhD project investigated the effect of z-pinning on the mechanical properties of
bonded T-joints made of sandwich composite structures. The stiffener/cleat region to the
joint was reinforced with z-pins, and this represents the first investigation into the
properties of z-pinned sandwich joints. Experimental testing proved that z-pins were
effective at strengthening and toughening the bond-line between the base sandwich panel
and cleat/stiffener panel of the joint. Z-pinning increased both the peak fracture load and
fracture energy of the T-joint under tensile (stiffener pull-off) loading. These properties
increased with the volume content of z-pins, and at the highest pin content (2% by
volume) the fracture strength and fracture energy were raised by about 20% and over
50%, respectively. These improvements were due to strengthening and toughening
induced by elastic stretching and pull-out of the z-pins. It was also found that z-pinning
changed the failure mode of the T-joint. The unpinned joint failed by bond-line
delamination cracking whereas the dominant fracture mode of the z-pinned joints was

skin fracture (with large-scale bond-line cracking being resisted by the z-pins).

The mode I bridging traction laws for z-pinned laminates were adapted for z-pinned
sandwich composites, and then applied to assess the parameters that would maximise the
mechanical properties of T-joints. The analysis indicated that increasing the pin diameter
and skin thickness will increase the joint properties, although this remains to be verified

by experimental testing.
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6.4 FUTURE WORK

The work presented in this PhD thesis contributes to the science and technology of z-
pinned sandwich composites, although further research is needed to achieve an even
greater understanding of these advanced materials. Described below are just three
potential research topics which have been selected to promote the certification of z-pinned

sandwich composites in aircraft structures.

6.4.1 Analytical Modelling of Z-Pinned Sandwich Composites

A comprehensive analysis of existing analytical models for calculating the through-
thickness compressive properties revealed that they fail to accurately predict the stiffness
and strength for sandwich composites reinforced with fibrous z-pins. This was attributed
to the complex failure mechanism of the z-pins (involving kinking and splitting). A
modification to the existing model was proposed, whereby the Budiansky-Fleck model for
kinking of unidirectional fibre composites was used to predict the microbuckling failure
stress of fibrous z-pins within the sandwich composite. However, this model was only
able to capture one of several failure modes experienced by z-pins under compressive
loading. Therefore, an analytical model that is able to capture every failure mode is
required. Furthermore, given that the failure of metallic pins (involving buckling) is
different to fibrous pins (kinking, splintering), the model should be able to analyse for
both types of pins. In addition, the manufacturing quality of fibrous z-pins needs to be
improved to achieve more consistent pin properties, which are currently variable due to

porosity.

6.4.2 Finite Element Modelling of Z-Pinned Sandwich Composites

A finite element study into the elastic compression deformation of z-pinned sandwich
composites was presented in chapter 3. Whilst the FE model was in agreement with
analytical models in the prediction of the through-thickness properties, it was not an
accurate representation of the actual response of z-pinned sandwich composites to
compression loading. A finite element study that accurately represents the complex failure
mechanism of fibrous z-pins is needed to be able to design aerospace sandwich
composites. The finite element model should be able to capture the kinking, splitting and
fracture of fibrous z-pins. This complex failure, being a result of pre-existing

manufacturing flaws in the z-pins, needs to be accounted for in order to realistically
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predict the compressive behaviour of z-pinned sandwich composites. As part of this work,
the final production quality of fibrous z-pins needs to be investigated to determine the
quantity, size and shape of pre-existing flaws to be able to accurately represent the

anomaly of voids within z-pins.

6.4.3 Environmental Durability of Z-Pinned Sandwich Composites

Certification of z-pinned sandwich structures for aircraft requires a comprehensive study
of their environmental durability, particularly under hot and moist conditions. Recent
research has shown that the water absorption properties of carbon-epoxy laminates can be
affected by z-pinning [119]. Thus far, a study on the environmental conditions such as
heat, humidity and hot/wet conditions on the durability of z-pinned sandwich materials
has not been performed. It is therefore recommended that the durability of z-pinned
sandwich composites is investigated for various aviation environmental conditions. A
detailed study into the physical changes and mechanical behaviour of z-pinned sandwich
composites following conditioning in various environments should be conducted. An
investigation into the damage tolerance of z-pinned sandwich composites under different
environmental conditions should also be performed. It is also worthwhile investigating the
performance of z-pinned sandwich T-joints under different operational environmental

conditions.

6.4.4 Aircraft Certification of Composite Structural Components

Under FAR (Federal Aviation Regulations), certification of composite aircraft structural
components requires a rigorous process whereby the materials and the manufacturing
processes must undergo numerous trials and evaluation to finalize a repeatable and safe
design. These criteria are specified under regulations §25.603, §25.605, §25.613 and
§25.619. When certifying for material performance, environmental factors such as
thermal and moisture analysis must be considered. Numerous static, dynamic and fatigue
testing must be conducted at a coupon, component and structural level. Furthermore, the

structural component must meet stringent requirements for damage tolerance and fatigue.
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The introduction of z-pinned sandwich composites in primary aircraft structural
components must therefore undergo the rigorous process of certification which includes
testing, evaluation and improvements before z-pinned sandwich materials are used in
aircraft. This PhD thesis provides a better understanding of the through-thickness
properties and damage tolerance of z-pinned sandwich panels and joints. It finds the
current models for predicting the through-thickness mechanical properties lacking and
therefore makes suggestions for further improvement of these models. This thesis also
investigates the potential for using z-pins to reinforce jointed structures as well, fulfilling
a part of the research work needed to pave the way forward for these materials to be

considered in future aircraft.
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